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CHAPTER 1 
General Introduction 
1.1 Iron-sulfur cluster compounds 
Iron-sulfur clusters are compounds that contain two or more iron atoms in addition to sulfido 
or polysulfido ligands Some bioinorganic chemists prefer to call the active site in 
Rubredoxin [(RS^Fe]2 3 an iron-sulfur cluster as well1 2 The iron-sulfur cluster cores in all 
these compounds are stabilized by external ligands, such as thiolate ' (including 
cysteinate11132021), hdlides1222 24, nitrosyl25 2?, phosphines24 28 30, carbonyl31, isonitriles615, 
dithiolenes32 35, cyclopentadienyl32 37 and other8 22 ligands The research in iron-sulfur cluster 
compounds was initiated by the discovery of iron-sulfur clusters in biological systems in 
1962 At the moment, a large variety of clusters, such as (RS)4Fe2S2, incomplete cubane-type 
(RS)iFe-(S4 and cubane-type (RS)4Fe4S4, (RS = cysteinato ligand), has been identified in such 
systems, and an even larger variety has been prepared by synthetic methods The naturally 
occurring iron-sulfur clusters'3850 participate in several biological pathways, viz electron 
transfer, Lewis acid catalysis and (multi electron) redox catalysis2 Some examples of natural 
and synthetic iron-sulfur clusters are depicted in Figure 1 In nature hetero metal iron-sulfur 
clusters occur as well, the active site in Nilrogenase being the best known example ' 5 Also 
a vast amount of hetero metal-iron-sulfur cluster compounds has been synthesized The 
variety of synthetic transition-metal-chalcogen cubane L4M4E4 ' and incomplete cubane 
L3M1E4 89106 ' " compounds, both as discrete cubane-type compounds and as part of larger 
cluster compounds"2 " is astonishing 
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Figure 1 : Some examples of iron sulfur cluster compounds L is thwlate or hahde ligand Oxidation states 
omitted for clarity 
1.1.1 Cyclopentadienyl iron-sulfur cluster compounds 
The first structurally characterized cubane-type cluster, Cp4Fe4S4 (Cp = T -^CsHs), was 
reported by two independent groups in 19663637 This compound was synthesized by heating 
Cp2Fe2(CO)4 in the presence of a sulfur donor, such as Ss, Et2Sx (x = 3,4) and СбНю5 In 
1976 Kubas et al " 7 reported that the same reaction can give other products as well, viz 
Cp4Fe4S5 and Cp4Fe4Sô (Figure 2) These two compounds are not typical of "natural" iron-
sulfur clusters, in the sense that they contain one or two disulfido groups, which had thus far 
only been identified in Nitrogenase, where probably a disulfido bridge connects two cubane-
type cluster cores54, and recently in FegS^CN'Bu)^, reported by Holm et al " 8 The 
disulfido groups in the Cp-iron-sulfur clusters are labile Cp4Fe4S6 and Cp4Fe4Ss are 
converted to the relatively inert Cp4Fe4S4 upon heating 
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Cp4F«4S4 Cp4Fe4S5 Cp4Fa4S6 
Figure 2: Structures of the cubane-type cluster compounds Cp4Fe4S4, Cp4Fe4S¡ and Cp4Fe4S6 
When Cp*2Fe2(CO)4, containing the bulky ligand Cp* (CsMe<¡) ligand instead of Cp, is used 
in the thermal reaction, the dinuclear iron-sulfur compound Cp*2Fe2S<i is formed instead of 
the cubane type clusters"9. This is probably due to steric hindrance between the Cp* ligands. 
In exploration of the photochemical reactivity of Cp2Fe2(CO)4 with sulfur donors it was 
found that under UV radiation, dinuclear compounds are formed, viz. Cp2Fe2S4(CO)12 and 
two isomeric forms of Cp2Fe2S4 l 2 U 2 2 (see Figure 3). 
(MeCp')2Fe2S4(CO) Ορ2Ρβ2(μ,η2,η ' - S 2 ) 2 Cp2Fe2№,42,n2-S2№.n ' ,η ' -S 2 ) 
Figure 3: Binuclear Cp-iron-sulfur clusters. 
1.2 Electrochemistry 
Cubane type iron-sulfur clusters generally have a rich electrochemistry" '' 127. There are 
however differences bewtween the electrochemical behavior of the Cp ligated clusters and the 
other clusters. The cubane-type clusters L^FeÄ (L = halide, thiolate) are synthesized in their 
-2 oxidation state, which is the most stable state, and generally undergo a reversible one-
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electron reduction to the -3 state at a value between -1 3 and -1 8 V vs Fc In nature 
sometimes a -2/-1 transition at -0 1 - -0 5 V is found (HIPIPs) The cubane-type clusters 
Cp4Fe4S„ (n = 4, 5 or 6) are synthesized in their neutral oxidation state, and may undergo 
several one-electron oxidation steps Cp4Fe4S4 can even be reversibly oxidized to the +4 
oxidation state The 0/+1 oxidation potential of the Cp4Fe4Sn clusters lies between -0 8 and 
0 4 V In addition to these oxidation steps, the disulfido containing clusters Cp4Fe4S
n
 (n = 5, 
6, not 4) also exhibit a reversible 0/-1 reduction step at a potential between -1 7 and -19 V 
If the Cp-ligands and the thiolate ligands are regarded to be mono-anionic ligands, one can 
calculate the formal charge of the cluster core In the thiolate- and hahde stabilized clusters 
the charge of the Fe4S4 cluster core can then vary between +1 and +3 In the Cp stabilized 
clusters the charge of the Fe4Sx core can vary between +3 and +8 When the sulfido or 
disulfido groups are considered to be di-anionic ligands S2 and S22 the following situation 
arises in the thiolate/halide stabilized cubane clusters the formal oxidation state of the iron 
atoms vanes between II and Ш, 1 e from [Fe'^Fe111] for the most reduced state, through 
[Fe'^Fe"^] to [FenFen\] for the most oxidized state, but in the Cp stabilized cubane clusters 
the formal oxidation state of the iron atoms vanes between Π and IV, 1 e from [Fe"Fem3] for 
the most reduced state, through [Fe'"4], [Feln1FeIV], [Fe^Fe1^] and [Fe'Ve^j] to [Fe'M for 
the most oxidized state As Cp4Fe4S4 does not undergo a reversible one electron reduction 
step, it is obvious that the formal oxidation states of the iron atoms in X4Fe4S4 for X = hahde, 
thiolate on the one hand and X = Cp on the other hand, do not overlap for any oxidation state 
of the cluster compound For the Cp stabilized clusters in particular the redox transitions are 
believed not to be solely metal based because the classical metal based approach does not 
give a satisfying description of the electronic state of the cluster compounds Some research 
groups have developed a simple MO model for (Cp stabilized) cubane type clusters 1 2 8 ' 2 9 
The above mentioned differences between the thiolate iron-sulfur clusters and Cp iron-sulfur 
clusters imply that the latter are not appropiate model systems for the natural occurring iron 
sulfur clusters, especially since all Cp iron-sulfur clusters are essentially low spin compounds, 
in contrast to the thiolate iron-sulfur clusters 
a
 Unless otherwise stated all potentials reported in this thesis are given relative to the Fc0'*1 redox couple in the 
same solvent Correction terms were taken from the literature 
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The multiple chemically reversible redox transitions of the Cp-iron-sulfur clusters have 
enabled research groups to prepare, isolate and (structurally) characterize many of these 
clusters in several oxidation states Thus the molecular structures have been determined of 
CP4Fe4S4
0 1 6 3 7
, Cp4Fe„S4+ 1 3 0 1 3 1 , Cp4Fe4S4
2+ 129
, Cp4Fe4S5
+
 '
3 2
, Cp4Fe4S,
2+ ш
, Ср^едБб
0 
117 134
, (MeCp)4Fe4S4° ' " , (MeCp)4Fe4S4+ l 3 5 and (MeCp)4Fe4S5+ 1 3 6 The structural changes 
upon oxidation can be explained satisfactorily with the Dahl binding model129137 
1.3 Bridged cyclopentadienyl ligands 
The cyclopentadienyl (Cp) hgand is known to be very versatile in the nature of the 
substituents that can be attached Since the first use of a Cp-ligand in 1951 numerous Cp-
rings with all kinds of substituents have been synthesized and successfully implemented in 
organometallic chemistry One possible mode of denvatization involves the tying together of 
two Cp-nngs The two Cp-nngs can be either connected via a carbon-carbon bond (fulvalene, 
C5H4-C'iH4)138 l 5 4 or a bridging group, to give Cp'-X Cp' (Cp' = CsR^ This bridging group 
can be one of a variety of organic or inorganic groups, such as -СИг-145,55 ' , -R2C-CR2-1 
,87
, -SiR2-'
5 5 1 6 7 1 8 β 2 Π
, -GeMer 1" 2 1 2, -S
x
-
1 9 6 2 1 3 218
, and many others192 1 9 6 2 0 1 2 I 9 2 4 7 The Cp'-
X-Cp hgand can coordinate to either one metal atom, giving an ansa-metallocene 
compounds, or to two metal atoms, giving a ring-bridged binuclear compound (Figure 4) In 
the first case, the bridge is supposed to stabilize the metallocene compound, such as in single 
site Ziegler-Natta catalysis In the second case, the two metal atoms are held in close 
proximity, which can lead to a cooperative effect between the two metal atoms197 2 0 3 
Χ
χ
 MLn 1 Г^ 
\f—j( M L n MLn 
Figure 4: Schematic representation of mono and binuclear bridged Cp compounds 
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Some research groups have investigated the influence of Cp derivatization upon iron-sulfur 
cluster properties. Blonk et al. used the methyl substituted compound (MeCp')2Fe2(CO)4 (Cp' 
= C5H4) as starting material for the synthesis of (MeCp')4Fe4Sn (n = 4, 5, 6) and found a 
profound influence of the methyl substitution on redox properties of these cubane type cluster 
compounds 1 3 5 1 3 6 . As was mentioned above, the use of CsMes instead of C5H5 in the starting 
material Cp2Fe2(CO)4 has been found to block formation of cubane-type iron-sulfur cluster 
compounds"9. Other research groups have investigated the influence of derivatization of Cp-
Iigands upon properties of non-iron metal-sulfur clusters248"250. In particular, Brunner et al. 
prepared (Cp-CH2-Cp)2Cr4S4 and found an influence of the bridge on the magnetic behavior 
of the cluster161. Song et al. reported the coupling of two metal-sulfide clusters via 
substituents on the Cp-ligand, to give (С,Н4-Х-С5Н4){МРе\ (СО)8(Цг5))2 (M = Mo, W) 2 5 1. 
To our knowledge these were the only examples of the use of bridged Cp-ligands in metal-
sulfur cluster chemistry thus far 
1.4 Reactivity of cyclopentadienyl clusters 
The reactivity of Cp4pe4S
n
 cluster compounds has been investigated by two research groups. 
Kubas et al. have reported the following"7 1 2 5: 
a) The disulfide containing cluster compounds Cp4Fe4Ss and Cp4Fe4S6 are 
thermodynamically unstable. Upon heating sulfur is expelled from the clusters and the stable 
Cp4Fe4S4 is formed (Scheme 1). 
Scheme 1 
b) The electron rich disulfido groups of Ср4ре48^ and Cp4Fe4S6 are capable of binding to the 
electrophile S 0 2 (Scheme 2). 
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Cp4Fe4S5 + SO2 
Cp 4Fe 4S 6 + SO2 
Cp 4Fe 4S 5(S0 2) 2 
Cp 4Fe 4S 6(S0 2) 2 
Scheme 2 
Likewise, in Cp 4Fe 4S 6 they coordinate to Ag
+
, thus leading to the formation of 
[(Cp4Fe4S6)Ag]3+ (Scheme 3). In this compound both cluster cores have been oxidized, and 
the silver ion is coordinated by the η ' disulfido sulfur atoms. Furthermore, photochemical 
reaction of Cp 4Fe 4S 6 with M(CO)6 (M = Mo, W) yields Cp4Fe4S6M(CO)4 (Figure 5). 
2 Cp 4 Fe 4 S 6 + 3 Ag* 
Scheme 3 
£p Cp 
Cp 
~l' 
X / \ ^ ~ - s .Cp 
- U/?<(. 4 + 2 Ag" 
Cp S - ^ X , 
Cp Cp 
^ м 4 ^ 
Figure 5: X-ray structure252 of Cp4Fe4S()Ao{CO)4. Used with permission 
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Jordanov et al. have also explored the reactivity of Cp4Fe4Sô towards Mo complexes132,253'254. 
They found that reaction of Cp^J^Se with Mo(CO)4(norbomadiene) and Mo(CO)2(7t-
allyl)(CH3CN)Br resulted in the formation of Cp4Fe4S6Mo(CO)4 and 
Cp4Fe4S6Mo(CO)2(CH3CN)Br, respectively. 
1.5 Scope of the thesis 
The aim of our investigations was twofold. 
First of all, we set out to investigate the influence of a bridging group between two Cp-
hgands on the properties of Cp-iron-sulfur clusters. Bridging two Cp-nngs dictates largely the 
spatial orientation of those hgands, and thus might well lead to enhancement of the stability 
of some clusters and at the same time prevent the formation of other clusters. This is 
successfully demonstrated for T^-CsF^-Silv^-T^-CiFWIV^SiCpS) through reaction of the 
known compound Me2SiCp'2Fe2(CO)4 with Se as is discussed in Chapter 3. In addition some 
preliminary results of the reaction of the new compound Me2CCp'2Fe2(CO)4 with Ss are 
presented. 
Secondly, the nucleophihc reactivity of Fe4Se clusters has been explored. This includes the 
alkylation reactions of the Fe4Se clusters, as is discussed in Chapter 4. The subsequent 
synthesis of amphiphihc iron-sulfur clusters and their aggregation behavior is described in 
some detail in Chapter 5. 
Another type of nucleophihc reactivity of Fe4S6 clusters is their capacity to coordinate to late 
transition metal atoms. The results of the reactions of Fe4S6 clusters with silver, rhodium and 
platinum compounds are discussed in Chapter 6. 
In Chapter 7 the reactivity of Cp iron-sulfur clusters towards SO2 and CO2 is reported. 
In order to perform these investigations it proved to be necessary to improve the published 
synthetic methods for an important starting material, Me2SiCp'2Fe2(CO)4. Additionally, we 
synthesized a new starting material, Me2CCp'2Fe2(CO)4. This, as well as the attempts to 
design an improved synthetic route for the known compound (Me2C)2Cp'2Fe2(CO)4, is 
presented in Chapter 2. 
General Introduction 9 
1.6 List of compounds 
la 
lb 
le 
2 
2a 
2b 
3 
4 
5 
6 
7 
8 
9 
10 
112+ 
122+ 
13+ 
142+ 
Me2Si(CsH5)2 
Me2C(C,H,)2 
[Me2C]2(C,H5)2 
Me2SiCp'2Fe2(CO)4 
Me2Si(C,H,)2Fe2(CO)6 
(Me2SiCp'(C5H5))2Fe2(CO)4 
Me2CCp'2Fe2(CO)4 
[Me2C]2Cp'2Fe2(CO)4 
(Me2SiCp'2)2Fe5S12 
(Me2SiCp'2)2Fe4S6 
(Me2SiCp'2)2Fe4S6(CO) 
(Me2CCp'2)2Fe4S6 
Cp4Fe4S6 
(CsH4Me)4Fe4S6 
[Cp4Fe4S6(CH2)]2+ 
[(C5H4Me)4Fe4S6(CH2)]2+ 
[Cp4Fe4S6(CH3)]+ 
[Cp4Fe4S6(CH3)2]2+ 
152+ 
162+ 
17+ 
18+ 
192+ 
202+ 
212 + 
22+ 
23+ 
242+ 
25+ 
26+ 
272+ 
28+ 
29+ 
30+ 
312 + 
32+ 
[Cp4Fe4S6(CHCH3)]2+ 
[CP4Fe4S6(CHC6H5)]2+ 
[Cp4Fe4S6(CH2CH3)]+ 
[Cp4Fe4S6(CH2C6H5)]+ 
[(Me2SiCp'2)2Fe4S6(CH2)]2+ 
[(Me2SiCp'2)2Fe4S6(CHCH,)]2+ 
[(Me2SiCp'2)2Fe4S6(CHC6H5)]2+ 
[(Me2SiCp'2)2Fe4S6(CH2C6H5)]+ 
[(Me2SiCp'2)2Fe4S6(CH3)]+ 
[(Me2SiCp'2)2Fe4S6(CH3)2]2+ 
[(Me2SiCp'2)2Fe4S6(n-C12H2S)]+ 
[(Me2SiCp'2)2Fe4S6(n-C16H,3)]+ 
[(Me2SiCp'2)2Fe4S6(n-C16H33)2]2+ 
[(Me2SiCp'2)2Fe4S6-Ag-S6Fe4(Cp' 
[(Me2SiCp'2)2Fe4S6Rh(COD)]+ 
[(Me2SiCp'2)2Fe4S6-Cu-S6Fe4(Cp' 
[(Me2SiCp'2)2Fe4S6-Pt-S6Fe4(Cp'2 
[(Me2SiCp'2)2Fe4S6Pt(PPh3)Cl]+ 
2SiMe2)2]+ 
2SiMe2)2]+ 
:SiMe2)2]2+ 
1.7 Important abbreviations 
CV cyclic voltammetry or cyclic voltammogram 
DPV differential pulse voltammetry or differential pulse voltammogram 
DME 1,2-dimethoxy-ethane 
DMF dimethylformamide 
S(S)CE saturated (sodium) calomel electrode 
TBA(H) tetrabutyl ammonium (hexafluorophosphate) 
COD 1,5-cyclooctadiene 
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CHAPTER 2 
Synthesis of some Ring-Bridged Ср'-Х-СрТе2(СО)4 
Compounds 
2.1 Introduction 
Several di-iron tetracarbonyl complexes (Cp'-X-Cp')Fe2(CO)4 (Cp' = Ty'-CsFLi) with bridged 
cyclopentadienyl groups Cp'-X-Cp' have been reported, e.g. -X- = -SiMe2-', -SiMe2-SiMe2-2, 
-SiMe2-2,4-B5H5C2-SiMe2-\ -CH2-
4
, -CMe2-CMe2-
5
, -CH(NMe2)-CH(NMe2)-6'7, -
CH(NMe2)-CH(NMe3)+-8, -Me2SiCH2CH2SiMe2-9, -Me2SiOSi(C6H5)20SiMe2-10, 
Me2SiOSiMe2-C6H4-SiMe20SiMe2-10. All these complexes have a cis arrangement of the Cp-
nngs, whereas in the non-bridged complex Cp2Fe2(CO)4 (Cp = T^-CsHs) the cis and trans 
isomer are found to be in equilibrium". We chose to prepare the dimethylsilyla bridged 
complex Me2SiCp'2Fe2(CO)4 2, the previously unknown isopropylidene bridged complex 
Me2CCp'2Fe2(CO)4 3 and the tetramethylethane-l,2-diyl bridged complex 
([Me2C]2Cp'2)Fe2(CO)4 4. These complexes are bright red, thermally stable complexes. They 
are air-stable in the solid state, but decompose under air in solution. They are soluble in a 
wide variety of solvents. For the preparation of Cp-iron sulfur cluster compound we preferred 
the methyl substituted compounds over the non-substituted analogues because of the expected 
higher solubility of any iron-sulfur clusters formed. 
" Although some authors call the SiMe2 group dimclhylsilylene, and others dimethylsilanediyl, we prefer to call 
it dimethylsilyl 
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Structures of the dimethylsily] substituted compound 21 and of [CH(NMe2)]2Cp'2Fe2(CO)4'2, 
an analog of the tetramethylethanediyl bridged compound 4, have been reported 
The syntheses of 2' as well as of 4 s have been published Here we report some improvements 
on the reported route for compound 2, the synthesis of the new isopropyhdene bridged 
compound 3, and the attempted improvements of the synthesis of compound 4 All the 
syntheses are based on the direct reaction of the substituted cyclopentadiene RCp'H with iron 
pentacarbonyl (Scheme 1) 
о 
• 2Fe<CO)5 »" ^ » ^ " £ " ^ ^ *6CO + [2H] 
R 
F · - F e 
О 
О 
Scheme 1 
During this reaction the iron atom is formally oxidized from 0 to +l by the RCp'H-proton, 
carbon monoxide dissociates and other RCp'H molecules can act as hydrogen atom 
acceptorn A major complication is the fact that the cyclopentadiene molecules easily 
undergo Diels Alder cycloaddition, especially at elevated temperatures This is usually 
circumvented by using diluted solutions and rapid healing, so that the addition of iron 
carbonyl fragments can effectively compete with the cycloaddition reactions 
2.2 Synthesis of MezSiCp^Fe^CO), (2) 
According to the literature14, the bridged ligand (CH3)2Si(C.;H·;^ la is prepared and reacted 
without further purification with Fe(CO)s in refluxing xylene Since we did not obtain the 
desired product when we followed this procedure, we decided to use a somewhat different 
approach for this synthesis Firstly, we prepared the ligand (Scheme 2) and purified it by 
means of vacuum distillation, prior to use Subsequently, the ligand was reacted with Fe(CO)·; 
photochemically or thermally 
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H , C ^ CH, 
SI 
2 NaCp + (CH3)2SICI2 * ζ/ γ H J V ^ ^ + 2N«CI 
Scheme 2 
2.2.1 Photochemical reaction 
Di(cyclopentadienyl)dimethylsilane la was dissolved in diethyl ether, together with two 
equivalents of Fe(CO)v The solution was irradiated with a high pressure mercury lamp at 
0°C The reaction was followed by means of IR 
spectroscopy. The intense IR absorption of 
Fe(CO)5 at 2035 cm ' remained visible, but 
signals at 1950 cm"1 and 1787 cm"1 became 
,Fe Fe^ visible, the latter indicating formation of 
0
 Ш ^ o^ \W bridging carbonyl groups. After a few hours, 
о ° о 
2 a the irradiation was stopped and the reaction 
_. , „„ mixture was evaporated to dryness. 
Figure 1 : Proposed structure of 2a 
Purification was achieved by column 
chromatography. The yellow oil obtained from the first yellow fraction (yield: 13%) is 
proposed to be Me2Si(C5H02Fe2(CO)6 2a (Figure 1) based on its IR and Ή NMR spectrum. 
The IR spectrum shows two peaks at 2040 cm ' (A mode) and 1975 cm"1 (E mode), 
characteristic for an r|4-diene-Fe(CO)i fragment having local Сз symmetry1 6 1 7. In its Ή 
NMR spectrum the same pattern is observed as for la, but the diene proton peaks have 
shifted to high field. Since in the Ή NMR spectra of both la and 2a the peaks are broad due 
to prototope and silatrope shifts18, precise peak designation is very difficult. 
The second, dark-red colored fraction was found to contain the desired compound 
Me2SiCp'2Fe2(CO)4 2 (26% yield, Figure 2) Its Ш-, Ή NMR- and n C-NMR spectra are 
identical to the reported ones1. When 2a was heated in refluxing toluene or o-xylene, 
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compound 2 was obtained quantitatively, as could be concluded from Ш. spectroscopy 
Compound 2a is apparently an intermediate in the reaction to 2 1 3 The monomenc analog of 
2a, viz (т|4-С5Нб)Ре(СО)э has been identified by others in an Ή NMR experiment", and 
calculations show it to be thermodynamically stable20 It has however, to our knowledge, 
never been isolated 
A third product was also obtained from the 
reaction between l a and Fe(CO)s, viz 
(Me2SiCp'(C,H,))2Fe2(CO)4 2b (Figure 3) 
This compound was identified by means of its 
IR and Ή NMR spectrum The IR spectrum is 
typical for a di-iron compound with two 
bridging and two terminal carbonyl groups 
(1997, 1957 and 1783 cm 1 ) The NMR 
spectrum contains peaks of the two coordinated 
cyclopenladienyl (4 53 and 4 91 ppm, sharp 
multiplets, 2 χ 4H) and uncoordinated cyclopentadiene ligands (6 61 and 3 65 ppm, broad 
signals, total 10H) 
The yield of the desired product 2 (after full conversion of 2a to 2) is 32%, which is 
comparable with previously reported yields14 The yield of 2b is low about 5% 
Figure 2: Structure of 2 
Figure 3: Proposed structure of 2b 
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2.2.2 Thermal reaction I 
Di(cyclopentadienyl)dimethylsilane la was dissolved in hexane, together with two 
equivalents of Fe(CO)5 This mixture was heated up to 170 °C in a high pressure steel 
container for 16 h After slow cooling of the reaction container, the resulting dark red 
supernatant was decanted and crystalline pure 2 was obtained in about 16% yield 
2.2.3 Thermal reaction II 
la was dissolved in toluene, together with two equivalents of Fe(CO)s After 66 hours of 
reflux the reaction mixture was evaporated to dryness and chromatographized using 
toluene/hexane as eluent, to give one red band After evaporation of the solvent and 
recrystallization from toluene/hexane compound 2 was obtained in about 50% yield 
2.3 Synthesis and molecular structure of Me2CCp'2Fe2(CO)4 (3) 
1b 
Scheme 3 
The isopropylidene bridged dicyclopentadiene compound lb can be synthesized according to 
literature procedures21 (Scheme 3, TEBAC1 = tnethylbenzylammoniumchlonde) 
For our purposes purification by means of vacuum distillation proved to be unnecessary, the 
Ή NMR spectra of the raw reaction product and the vacuum-distilled product are virtually 
identical The unpunfied reaction product also proved to be pure enough for the subsequent 
reaction with Fe(CO)s The reaction between lb and Fe(CO)s (Scheme 4) was performed 
completely analogously to that described for compound 2 in section 2 2 3 Compound lb and 
two equivalents of Fe(CO)5 are dissolved in toluene and refluxed for 15h After work-up, 
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pure Me2CCp'2Fe2(CO)4 (3) was obtained in 26% yield In the IR spectrum of 3, two strong 
absorption bands are observed at 1995 cm ' and 1786 cm ', and one weak absorption band at 
1958 cm ' This is consistent with a ск-Ре2(ц-СО)2(СО)2 fragment In the Ή NMR spectrum 
one singlet at 1 35 ppm (6H) and an AB pattern at 5 03 - 5 12 ppm (8H) are observed, 
corresponding to the two isopropylidene methyl groups and the proximal and distal C5H4-
protons respectively The number of the NMR signals reveals that 3 has at least C2v symmetry 
in solution at room temperature22 
M S C \ CH, 
• 2Fe<CO)5 • GCO • 2[H] 
Scheme 4 
Although some di-cyclopentadienyl di-iron tetracarbonyl complexes have previously been 
structurally characterized, to our knowledge the structure of a mono-carbon bridged 
derivative has not yet been determined To investigate possible structural constraints resulting 
from the Me2C-bndge, the crystal structure of 3 was determined
21
, and compared with 
published structures of the non bridged as-Cp2Fe2(CO)424, 2 l 1 and R,S-
[CH(NMe2)]2Cp'2Fe2(CO)4'2 (see Table 1 and Table 2) The unit cell of 3 contains two 
crystallographically independent molecules, 3a and 3b, with slightly different geometry cis-
Cp2Fe2(CO)4, 2, 3a and 3b do not posses rigorous C2v symmetry in the solid state For both 2 
and 3 deviations from C
s
 symmetry are minute (the mirror plane being defined as the 
perpendicular bisector of the Fe-Fe bond) The molecular structure of 3 is depicted in Figure 
4 
Synthesis of some Ring-Bridged Cp'-X-Cp'Fe2(CO)4 Compounds 23 
C12 
cm 
CI 12 
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Figure 4: X-ray structure of one of the two independent molecules of Me2CCp'2Fe2(CO)4 (3) with atom 
labeling Hydrogen atoms have been omitted for clarity Thermal ellipsoids are at 50% probability. 
Table 1: Selected interatomic distances (Ä) tor (Cp'-X-Cp')Fe2(CO)4a 
X = none X = CMe2 X = CMe2 
3a 3b 
X = SiMe2 X = [CH(NMe2)]2 
2 
Fe(l l)-Fe(12) 2.531(2) 2.4838(6) 2.4839(6) 
Fe( l l ) -C(19) 2.111(11) 2.134(3) 2.125(3) 
Fe(l l )-C(110) 2.108(9) 2 123(3) 2.129(3) 
Fe( 11 ) - C( 111 ) 2.094(9) 2.092(3) 2 098(3) 
2.520(1)" 
2.119(10)c 
2.510(1) 
2.166(8) 
2.112(8) 
2.086(8) 
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Table 1 
(cont ) 
Fe(l l ) -C(112) 
Fe(l l ) -C( l l3 ) 
Fe( l2)-C(l4) 
Fe(l2)-C(I8) 
Fe( l2)-C(l7) 
Fe(12)-C(16) 
Fe( l2)-C( l5) 
F e ( l l ) - C p 
Fe( l2) -Cp 
Fe ( l l ) -C(3 l ) 
Fe( l l ) -C(32) 
Fe(II)-C(33) 
Fe(l2)-C(34) 
Fe(l2)-C(31) 
Fe(l2)-C(32) 
C ( 3 l ) - 0 ( 3 l ) 
C(32) - 0(32) 
C(33) - 0(33) 
C(34) - 0(34) 
X ( l l ) - C ( l 2 ) 
X ( l l ) - C ( l 3 ) 
X( l l ) -C(14) 
X ( l l ) - C ( l 9 ) 
Cp-Cpf 
X(II)-Cp(ll)h 
X(ll)-Cp(12)h 
X = none 
2.104(10) 
2.102(10) 
2.126(7) 
2.102(8) 
2.069(8) 
2.140(8) 
2.134(8) 
1.749(5)" 
1.742(5)d 
1.908(7) 
1.925(7) 
1 760(8) 
1.730(7) 
1.918(7) 
1.917(7) 
1.178(9) 
1.183(9) 
1.147(10) 
1.159(9) 
-
-
-
-
5.020 
-
-
X = CMe2 
3a 
2.111(3) 
2.129(3) 
2.132(3) 
2.120(3) 
2.086(3) 
2.109(3) 
2.123(3) 
1.740(2)e 
1.734(2)e 
1.942(3) 
1.925(3) 
1.751(3) 
1.755(4) 
1.919(4) 
1.920(3) 
1 168(4) 
1.178(4) 
1.150(4) 
1.149(4) 
1.526(4) 
1.542(4) 
1.526(4) 
1.529(4) 
4.434(3) 
0.065(4) 
0.070(3) 
X = CMe2 
3b 
2.122(3) 
2.136(3) 
2.125(3) 
2.128(3) 
2.090(3) 
2.096(3) 
2.118(3) 
1.740(2)e 
1.732(2)e 
1.932(3) 
1.918(3) 
1.753(3) 
1.752(3) 
1.917(3) 
1.906(3) 
1.182(4) 
1.177(4) 
1.147(4) 
1.155(4) 
1.535(5) 
1.527(5) 
1.527(5) 
1.529(4) 
4 449(3) 
0.053(4) 
0.064(4) 
X = SiMe2 
2 
1.920(6)c 
1.726(3)'' 
1.176(3)c 
1.862(2)c 
1.876(2)c 
4.768 
0 194 
0.257 
X = [CH(NMe2)]2 
2.108(9) 
2.138(9) 
2.131(8) 
2.124(7) 
2.105(8) 
2.079(8) 
2.122(8) 
1.743d 
1.729d 
1.928(8) 
1.926(8) 
1.744(10) 
1.770(9) 
1.916(8) 
1.932(8) 
1 177(9) 
1.170(9) 
1.127(12) 
1.128(11) 
1.521(11) 
1.508(10) 
4.821 
-
-
a
 Atom labeling schemes are identical for all compounds 2.512 (3) from ref c only averaged value given 
centroid of ring ' distance to plane ' distance between centroids.h distance from least-squares plane 
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Table 2: Selected angles (°) for (Cp'-X-Cp'^CCO^ 
X = / X = CMe2 X = CMe2 X = SiMe2 X = [CH(NMe2)]2 
3a 3b 2 
C(14)-X(l l )-C(19) - 109.4(2) 109.5(3) 105.7(3) 
C(12)-X(l l)-C(13) - 108.9(3) 108.9(3) 114.4(4) 
C(31)-Fe(l l )-C(32) a 96.0(3) 94.75(14) 94.82(14) 95.5(4) 
Fe(l l)-C(31)-Fe(12) a 82.6(3) 80.27(13) 80.70(13) 82.0(3) 
Cp - Cpb 87.2 109.6(1) 109.3(1) 97.21 
95.3(2) 
82.0(2) 
88.8 
1
 Averaged values, largest value of esd's given in parentheses. Angle between least-squares planes. 
The C 2 v symmetry of 3 in solution, as deduced 
from NMR spectroscopy (vide supra), is 
apparently not maintained in the solid state. 
The distortion from C 2 v symmetry can best be 
seen in the projection view along the Fe-Fe 
bond (Figure 5). The bridging group is turned 
away from the Fe2(terminal-CO)2 plane by 
13.14(6)° (3a) or 11.59(8)° (3b). The same 
effect is found in 2 (13.6°) and other 
compounds containing (CH3)2Si(C5lLi)2M2 
fragments22,25. As a consequence C( l l ) has 
moved by 0.68 À (За) or 0.60 Â (3b) out of 
the Fe2(terminal-CO)2 plane, and therefore one 
of the methyl groups (C(13)) lies almost in the 
Fe2(terminal-CO)2 plane. The bridging group 
turning away from the Fe2(terminal-CO)2 plane forces the Cp-ligands closer together. The 
distance between the centroids of the Cp-ligands in 3 (4.44 A) is shorter than in cis-
Cp2Fe2(CO)4 (5.02 A). It is also shorter than in 2 (4.77 A), which is obviously the result of 
the smaller atomic radius of the bridging carbon atom as compared to silicon, since their 
position out of the Fe2(terminal-CO)2 plane is similar. 
Figure 5: Side view of3 
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Three factors govern the spatial position of the Cp-ligands. г') orientation of the substituents 
around the bridging atom, ii) bending of the bridging atom out of the Cp-plane, and Hi) 
rotation of Cp-rings around the Cp-X bond (X = bridging atom). To obtain minimal energy 
these three factors are carefully balanced. Since deviation from tetrahedral geometry around 
Si requires less energy than for C, the C-Si-C angles in the structure of 2 vary between 106° 
(Ccp-Si-Ccp) and 114° (Сме-Si-Cvie), whereas in 3 there is no significant variation in the C-
C(ll)-C angles (109.5° ± 0.8°). Furthermore, in 3 the bridging atom C(l l ) lies almost 
perfectly in the plane of each Cp-ring. This is in sharp contrast to 2, where the bridging 
silicon atom has moved out approximately 0.2 À of the Cp planes towards the Fe2-axis, thus 
causing the Cp-Cp angle to be smaller than the C(Cp)-Si-C(Cp) angle. The Cp-Cp angle of 
109° in 3 is rather large compared to the corresponding angles in complexes without a 
bridging group (c/'s-Cp2Fe2(CO)4), or with a flexible bridging group (as m 
[CH(NMe2)]2Cp'2Fe2(CO)4), which are about 90°. In 2 this angle is 97°, which is intermediate 
between the optimum 90° for unrestricted Cp-rings' and the 109° for ideal tetrahedral 
geometry around the Si atom. The bond angle constraint around Si is relieved partly by Si 
moving out of the Cp planes towards the Fe2 axis1. The bridging carbon atom in 3 however, 
does not move out of the Cp planes and therefore the Cp-Cp angle has a value close to the 
perfect tetrahedral geometry of the bridging carbon atom. 
The Fe-Fe distance of 2.48 Â in compound 3 is shorter than the Fe-Fe distances in 2 (2.51 A), 
R,RyS,S-[CH(NMe2)]2Cp'2Fe2(CO)4 (2.50 Â)7 or R,S-[CH(NMe2)]2Cp'2Fe2(CO)4 (2.51 Â)12 
and clearly shorter than the Fe-Fe distance in the non-bridged cá-Cp2Fe2(CO)4 (2.53 A). All 
Fe-C(carbonyl) and C-O distances in 3 are close to the values found for the other (Cp'-X-
Cp')Fe2(CO)4 molecules. 
As can be seen in Table 1, the distances between Fe and the Cp-carbon atoms in compound 3 
vary somewhat. On the average the distances between the iron atoms and the distal Cp-carbon 
atoms (C(l 11,112,16,17) are shorter than the distances between the iron atoms and the 
proximal and ipso Cp-carbon atoms (C(l 10,113,19,14,15,18)). Five out of eight Fe-C(distal) 
distances are significantly shorter than the Fe-C(proximal) and Fe-C(ipso) distances. 
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2.4 Attempted syntheses of [Me2C]2Cp'2Fe2(CO)4 (4) 
The reported synthesis of [МегСЬСр'гРегССО^ 4 involves direct reaction of dimethylfulvene 
with Fe(CO)5 at 170°C (Scheme 5)4'26. In this reaction two dimethylfulvene molecules are 
coupled reductively and the iron atoms act as the electron source27. The reported yield is 
however very low: 8%. When we tried this published procedure similar low yields were 
obtained. Apparently many side products are formed. To circumvent this problem we tried to 
develop a new synthetic procedure for 4. This should involve direct reaction of the 
tetramethylethanediyl bridged dicyclopentadiene ligand [МегСНС^Н^г (le) with Fe(CO)s, 
analogous to the syntheses of 2 and 3 described above. 
Compound lc was prepared by reductive coupling of two dimethylfulvene molecules with 
metallic calcium, as described by Edelmann et al.2S, followed by protonation in HC1/H20 to 
yield the free tetramethylethanediyl bridged dicyclopentadiene ligand [Me^ChiCsHs^ (lc) 
(Scheme 6). This is then to react with Fe(CO)<¡ thermally or photochemically (Scheme 7). 
CH C H , C H , 
+ 2 Fe(CO)5 
Scheme 5 
CH, ,CH> C H ' . 
Scheme 6 
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CH CH3CHä 
\ 3 / г 
h 2 Fe(CO)s 
1c 
CH, , С Н з р Н з 
+ 6C0 + 2[H] 
Scheme 7 
2.4.1 Thermal reaction 
The tetramethylethanediyl bridged dicyclopentadiene le, prepared as described above in 51 % 
yield, was reacted with approximately 3.5 equivalents of Fe(CO)5 in refluxing toluene. The 
reaction was followed with IR spectroscopy. In the IR spectrum a signal at 1775 cm" 
appeared after a couple of hours, indicating the formation of a bridging carbonyl ligand. After 
3 days, the reaction mixture was evaporated to dryness and purified by column 
chromatography to obtain several red colored fractions. The main fraction was evaporated to 
dryness to give a red material which was recrystallized from toluene/hexane (yield 
approximately 2%). Its IR spectrum is almost identical to that of 4, but a different H NMR-
spectrum (see Table 3 and Table 4). It is therefore probably a compound with the expected di-
iron tetracarbonyl fragment, but with a ligand orientation, different from that of the desired 
tetramethylethanediyl bridged dicyclopentadienyl compound 4. In the mass spectrum peaks 
are found that indicate this compound to be a dimer, i.e. with the ethanediyl groups bridging 
between two di-iron fragments: {[МегСЪСр'гРег^ОЫг 4a (Figure 6). 
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Figure 6: Proposed structure of 4а 
2.4.2 Photochemical reaction 
,
C H
. ? H >CH, 
lc was dissolved in diethylether together with 5 
equivalents of Fe(CO)"¡ and irradiated with a high pressure 
mercury lamp for 19 hours. In the IR spectrum a peak 
emerged at 1781 cm"1, indicating the formation of a 
bridging CO ligand. After removal of the solvent and 
excess Fe(CO)s in vacuo, the reaction mixture was 
purified by means of column chromatography, yielding a 
small yellow fraction and a large red fraction. Both 
fractions were evaporated to dryness to give a yellow oil 
and a red solid respectively. The Ή NMR spectrum of the 
yellow compound is very similar to that of the ligand lc 
and in its IR spectrum only terminal CO ligands (2038 cm"1 and 1976 cm"1) can be observed, 
typical of T|4-diene-Fe(CO)i fragments16,17. Therefore it was concluded that the yellow 
compound has the composition [МегС^СргРегССО^ 4b (Figure 7). After a solution of 4b in 
toluene was heated to reflux for 16 hours, the color had changed to red, and the IR spectrum 
Figure 7: Proposed structure of 
4b 
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now showed the occurrence of bridging CO ligands as well as terminal ones. Attempted 
crystallization from toluene/hexane mixtures however resulted in a brown, insoluble 
compound. 
The large red fraction mentioned above was dried in vacuo and the resulting red solid was 
recrystallized from toluene/hexane, yielding a red crystalline material 4c. Its Ή NMR 
spectrum however, proved to be different from that of the known compound 4 (see Table 4) 
In literature29 we subsequently found that lc is thermally unstable. All cyclopentadiene 
compounds have to be kept cold or diluted to avoid Diels Alder cycloaddition, but lc is also 
prone to Cope rearrangement to a 1,1' coupled di-fulvene complex Id (Scheme 8) 
1d 
Scheme 8 
From compound Id the desired di-iron complex 4 cannot be obtained upon reaction with 
Fe(CO)<i Id may, however, react with Fe(CO)<; to give some kind of T|4-coordinated complex, 
which may react further to give η -complexes of unknown nature. This makes it very difficult 
to propose a structure for 4b and 4c 
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2.5 Spectroscopic data 
Table 3 IR carbonyl frequencies of the di-iron compounds' 
compound 
2b 
2a 
2b 
3 
4C 
4a 
4b 
4c 
VCO lemunal 
1997 (s); 1957 (w) 
2040 (s); 1975 (bs) 
1997 (s); 1957 (w) 
1995 (s); 1958 (w) 
1994 (s); 1958 (w) 
1991 (s); 1945 (w) 
2038 (s); 1976 (bs) 
1989 (s); 1941 (w) 
V C O bridged 
1783 (s) 
/ 
1783 (s) 
1786 (s) 
1785 (s) 
1776 (s) 
/ 
1776 (s) 
* recorded in toluene matrix. b in agreement with data reported . c in agreement with data reported ' 
Table 4 Ή NMR data' 
compound δ Cp-H (ppm) δ XCH3 (ppm) 
l a 5 6.95; 6.68; 3.47; 3.11 [bs, 10H] -0.13; 0.16 [s, 6H] 
lbc 6.46-5.99; 2.75; 2.80 [bs, ЮН] 1.44 [s,6H] 
lcd 6.35-5.80; 2.83; 2.68 [bs, 10H] 1.10 [s, 12H] 
2e 5.40 [mp, 4H]; 4.98 [mp, 4H] 0.32 [s, 6H] 
2a 6 69,5 90; 3.45; 3.14 [bs, 10H] -0.11 [s,6H] 
2b 6.61 [bs, 8H]; 4.91 [mp,4H]; 4 53 [mp,4H]; 3.65 [bs, 2H] 0.26 [s, 12H] 
3 5.22-5.13 [mp,8H] 1.45 [s,6H] 
4r 5.19; 5.14 [mp, 8H] 1.45 [s, 12H] 
4a 5.04; 4.23 1.49; 1.17 
4b 6.29; 5.82; 3.10 1.73; 1.70 
4c 6.29,5.79,4 77; 4.07; 2.91 1.41; 1.16 
a
 recorded in CDCIi (7 29 ppm) in agreement with data reported ° c in agreement with data reported . in 
agreement with data reported ' e in agreement with data reported ' in agreement with data reported . 
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2.6 Conclusions 
Bridged dicyclopentadieny] Cp'-X-Cp' di-iron tetracarbonyl complexes are accessible by 
reaction of the neutral bridged dicyclopentadiene ligand with iron pentacarbonyl, as was 
already known from the literature This reaction can be both thermal and photochemical For 
X = МегБі both routes yield compound 2 in fairly good yield The photochemical route 
provides an r|4-cyclopentadiene intermediate 2a This compound can be isolated and is stable 
at room temperature, apparently in contrast to the non-bridged analog (т|4-С5Нб)Ре(СО)э'9 
For X = МегС the thermal route yields the previously unknown compound 3 Attempts to 
synthesize the ethanediyl-bndged compound 4 using the strategy described above failed, 
presumably due to the inherent instability of the neutral bridged dicyclopentadiene ligand 
The structure of 3 shows no major discrepancies, compared to the structures of other cis-
dicyclopentadienyl di-iron tetracarbonyl compounds The bridge allows for normal cis-
coordination of the two Cp-nngs to the Fe2(CO)4 moiety The only striking features in the 
structure of 3 are the rather short Fe-Fe distance and the relatively large Cp-Cp angle The 
bridging carbon atom in 3 lies in the Cp'-planes and the geometry around it is very close to 
tetrahcdral, in contrast to the silicon analogue 2 
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2.7 Experimental Section 
General methods 
All manipulations were earned out under purified dinitrogen atmosphere, using standard 
Schlenk techniques, unless indicated otherwise AI2O3 (aluminumoxide 90, neutral, activity 
Ш, Merck) was heated at 200°C under 103 mbar pressure for three days and subsequently 
deactivated with 5% w/w water, saturated with dinitrogen S1O2 (100, Merck) was evacuated 
under 10 mbar pressure for three days Fe(CO)s was filtered and bubbled with nitrogen prior 
to use All solvents were distilled under N2 atmosphere THF was dried on K/benzophenon, 
diethylether was dried on Na/K/benzophenon, toluene was dried on Na, n-hexane was dried 
on Na/K, CH2CI2 was washed with concentrated sulfuric acid until the acid layer was 
colorless, subsequently with water, ammonia (5%), water and predned over СаСІг Then it 
was distilled from P 2 0 5 
Me2Si(C,H5) 15 la, Me2C(C5H5) 2I lb and ([Me2C]2Cp'2)Ca28 were prepared according to 
literature methods 
Ή- and 13C-NMR spectra were recorded on a Broker AC 100 FT and a Braker WM 200 FT 
spectrometer IR spectra were recorded on a Perkin Elmer 1720-X IRFT spectrometer. 
Elemental analysis (C,H) were carried out on a Carlo Erba NCSO-analyser, in the micro-
analylical department of this University Mass Spectra (EI, FAB) were recorded on a VG 
7070 Mass spectrometer X-ray data were collected on an ENRAF NONIUS CAD4 
diffractometer For experimental details see elsewhere31 
Syntheses 
Me2SiCp'2Fe2(CO)4 (2), Me2Si(C5Hs)2Fe2(CO)6 (2a) and (Me2SiCp'(CsH5))2Fe2(CO)4 (2b) 
Photochemical route 2 20 g of (CsH5)2SiMe2 (117 mmol) and 5 48 g of Fe(CO), (28 0 mmol) 
were dissolved in 400 ml of diethylether This mixture was cooled to 0°C and was irradiated 
for 5 h using a high pressure mercury lamp with a glass filter The color changed from light 
yellow to red The solvent and unreacted Fe(CO)<i were removed in vacuo, and the resulting 
red oil was purified by column chromatography on S1O2 using toluene/hexane 1/1 as eluent 
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The first yellow fraction, containing compound 2a, was collected and evaporated to dryness 
(yield 13%) The second red fraction was collected, evaporated to dryness and recrystallized 
from toluene/hexane mixture to give crystalline 2 Spectral data are in agreement with 
literature Repeated crystallization of mother liquors from toluene/hexane ultimately yielded 
compound 2b in about 5% yield 2a was dissolved in o-xylene and refluxed for 3-6 h, the 
solvent was evaporated and the resulting red oil was purified by means of column 
chromatography and crystallization from toluene/hexane Total yield of 2 is 1 53 g (32%) 
FAB MS 2b 542 (M+ - 2 CO), 486 (M+ - 4 CO) 
(Me2SiCp'2)Fe2(CO)4 (2) Thermal route I 5 97 g of (C5H5)2SiMe2 (31 7 mmol) and 12 0 g of 
Fe(CO)5 (61 3 mmol) were dissolved in 20 g hexane This mixture was heated in a stainless 
steel container at a temperature of 170°C for 22 h After cooling down the pressure was 12 bar 
The pressure was slowly let off, the red supernatant was decanted, and the red crystalline 
material was collected, washed with hexane and dried in vacuo Yield of pure 2 2 07 g (16 4%) 
(Me2S¡Cp'2)Fe2(CO)4 (2). Thermal route Π 10 4 g of Fe(CO), (53 3 mmol) and 5 0 g of 
(C5H5)2SiMe2 (26 9 mmol) were dissolved in 400 ml of toluene and refluxed for 66 h The 
solvent was removed in vacuo and the resulting red oil with some red crystalline material was 
chromatographized on a column of alumina with toluene/hexane 1 1 as eluent The first, yellow 
band was discarded The second, large red band was collected, the solvent removed in vacuo 
and the residue crystallized from toluene/hexane mixtures Yield 5 56 g (50%) IR and Ή 
NMR analyses are according to the literature 
(Me2CCp'2)Fe2(CO)4 (3). To a cooled solution of 3 88 g of (C5H5)2CMe2 (lb) (22 6 mmol) in 
300 ml of toluene 8 94 g of Fe(CO)s (46 mmol) was added This mixture was rapidly brought 
to reflux After 15 h of reflux, the mixture was evaporated to dryness, yielding red crystalline 
3, which was washed with hexane and dried in vacuo The combined hexane washings were 
dried and the residue was recrystallized from toluene/hexane mixture The resulting red 
crystalline material was collected by filtration The filtrate was purified by column 
chromatography over S1O2, using toluene/hexane 1 1 as eluent The main red fraction was 
collected, evaporated to dryness and the red residue was recrystallized from toluene/hexane 
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mixtures Yield (total) 2 32 g 3 (5 8 mmol, 26%) Anal Caled (Found) 3 С 51 83 (51 62), H 
3 58 (3 52) EI MS 394 (12%, M+), 366 (8 6%, [M - СО]+), 338 (19%, [M - 2СО]+), 310 
(25%, [M - ЗСО]+), 282 (47%, [M - 4СО]+), 226 (100%, [M - 4СО -Fe]+) 
Attempted syntheses of ([Ме2С]2Ср'2)Ре2(СО)4 (4) 
Hydrolysis of (ГМе^СЪСрМСа 11 44 g of ([Me2C]2Cp'2)Ca (45 4 mmol) was dissolved in 
100 ml of THF, and the mixture was diluted with 250 ml of hexane, upon which the mixture 
becomes cloudy Then 18 5 ml of N2 saturated HCl(aq) (6 M, 111 mmol) was added through 
a syringe The reaction mixture cleared, a white precipitate formed and the water layer 
separated This layer was removed and subsequently 50 g of anhydrous MgSO<i was added 
and the mixture was stirred for 1 h The MgSC>4 was removed by filtration, and the filtrate 
was evaporated while being kept at 0°C, to give a light yellow, viscous oil This oil was 
chromatographized on a short column of AI2O3 with hexane as eluent (N В on S1O2 the color 
changed immediately from yellow to blue-green') The broad yellow band was collected, 
evaporated at 0CC and the resulting yellow solid was stored at -30°C Yield 4 92 g le (23 0 
mmol, 51%) Ή NMR spectrum is in agreement with data reported' 
Thermal route 7 75 g of lc (36 2 mmol) and 25 g of Fe(CO)s (128 mmol) were dissolved in 
400 ml of toluene and this mixture was refluxed for 76 h The color changed from yellow-
orange to red The reaction mixture was evaporated to give a red oil To this oil 100 ml of 
hexane was added and upon sonication a red precipitate is formed This was filtered off, 
washed with 20 ml portions of hexane, redissolved in toluene, filtered and concentrated to ± 
15 ml Hexane was added and the mixture was kept at -30°C for three days The resulting red 
precipitate was filtered off and washed with hexane Yield 280 mg 4a EI MS 4a 438 
([LFe2(CO)4 + 2]+ 3%), but many peaks are observed at higher masses L = [МегС^Ср'г 
Photochemical route 4 92 g of lc (23 0 mmol) and 22 35 g of Fe(CO)5 (114 mmol) were 
dissolved in 400 ml of diethylether and irradiated using a high pressure mercury lamp with a 
glass filter for 19 h, while kept at approx 0°C The mixture turned light red during irradiation 
and an insoluble orange precipitate formed on the lamp The reaction mixture was evaporated 
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to dryness and the resulting red oil was redissolved in toluene and filtered through a short 
column of hyflo. It was then concentrated, brought on a S1O2 column and eluted with hexane 
to get a yellow band and an orange band. From both fractions 4b was obtained by evaporation 
of the solvent. Then toluene/hexane 1/1 was used as eluent and a broad dark red band was 
collected. This fraction was dried and crystallized from toluene/hexane to give red crystalline 
4c. Compound 4b was stirred in refluxing toluene for 16 h and dried in vacuo. 
Recrystallization of the residue from toluene/hexane yielded a brown, insoluble solid. 
Structure determination 
(Me2CCp'2]Fe2^-CO)2(CO)2 (3) Crystals suitable for X-ray structure determination were 
grown from a toluene/hexane 1 4 mixture. A red crystal of dimension 0.21 χ 0 26 χ 0 39 mm 
was mounted on a glass fiber and coated with a-cyanoacrylate. The unit cell dimensions were 
determined from the setting angles of 25 reflections in the range 32° < 2Θ < 38°. Standard 
experimental details and computational details are given elsewhere11 The positions of the 
non hydrogen atoms were found from an automatic Patterson interpretation (PATTY32) 
followed by a phase refinement procedure to expand the fragment (DIRDIF33) The hydrogen 
atoms were placed at calculated positions (C-H 0.93 Λ for the cyclopentadienyl- and 0.96 Â 
for the methyl-hydrogen atoms respectively). An additional empirical absorption correction 
based on F0-IFCI was applied using DIFABS34 on the original unmerged F0 values The 
structure was refined by full-matrix least-squares on F0 values using SHELXL35 with 
anisotropic parameters for the non-hydrogen atoms The refinement converged to an R-value 
of 0.032 The function minimized was Zw(F02-Fc2)2 with w =l/[a2{F„2) + (0 0206 χ Fc2)2 + 
2.35*FC
2]. Crystal data are given in Table 5 
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Table 5: Cristallographie data for 3 
Empirical formula 
Formula weight 
Space group 
a (A) 
b(A) 
с (A) 
β 
V(A3) 
ζ 
Dcaic (g/cm3) 
μ(ΜοΚα) (cm1) 
Temperature (K) 
Radiation 
R 
WR2 
GooF 
C|7ri |4Fe204 
393.99 
P2,/c (No. 14) 
18.5581(8) 
12.4211(5) 
13.7625(5) 
108.033(7)° 
3016.6(3) 
8 
1.735 
19.39 
213 
MoKct 
0.0315 
0.0704 
1.077 
R = Σ IIFol - IFcll / ΣIF0I 
wR2 = {Σ [w(F02 - Fc2)2 / Σ [w(F02)2]}' 
GooF = (Σ [w(F02 - Fc 2)2 / (η-p)}"2 
with η = number of reflections 
ρ = total numbers of parameters 
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CHAPTER 3 
Ring-Bridged Cyclopentadienyl Iron-Sulfur Clusters3 
3.1 Introduction 
From the literature it is known that reaction of (CpFe(CO)2)2 (Cp = CsHs, CsHtMe, CsMes, 
etc.) with sulfur donors such as Se gives rise to the formation of a large number of iron-sulfur 
clusters'"9. The composition, molecular structure and properties of these clusters depend 
largely on the nature of the cyclopentadienyl ligands. 
Cp4Fe4S4 Cp4Fe4S5 Cp4Fe4S6 
Figure 1 : Structures ofCp4Fe4S4, Cp4Fe4S5 and Cp4Fe4S& 
Electrochemical properties of the clusters can be related to the electrondonating capacity of 
the substituents on the Cp-rings, whereas the steric bulk of these substituents controls the 
a
 Pari of this Chapter has been published, van den Berg, W, Boot, С E , van der Linden, J.G.M ; Bosman, W.P ; 
Smits, J M M , Beurskens, P.T ; Heek, ]., Inorg Chini Acta 1994, 216, 1-3 
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variation in cluster structure The cubane-type clusters Cp4Fe4S4, Cp4Fe4Ss and Cp4Fe4S6 (Cp 
= C5H5, С5І1(Ме, Figure 1) have been prepared via thermal reaction of Cp2Fe2(CO)4 with Sj, 
cyclohexene sulfide or Et2S
x
 (x = 3,4)'6 When Cp is the bulky СзМе5 only binuclear clusters 
Cp2Fe2S4 are formed, due to the steric hindrance between the CsMes rings
7
 The 
photochemical reaction of Cp2Fe2(CO)4 (Cp = C5H5) with sulfur has also been found to yield 
these binuclear compounds (Figure 2)8 9 
s s 
1\ // s — s 
Ср 2 Рв 2 (Ц,Л 2 П І -5 2 ) 2 Ορ 2 Ρβ 2 (μ,η 2 η 2 -8 2 Κμ,η 1 η ' - S j ) 
Figure 2: Structures of the two isomers ofCp7Fe2S4 
We started to investigate the influence of a (dimethylsilyl or isopropylidene) bridge between 
the Cp-nngs in Cp2Fe2(CO)4, on the structure and properties of the iron-sulfur clusters 
obtained Firstly, the question has to be answered whether such a bridge still allows formation 
of iron-sulfur clusters, and secondly, what their properties will be and how these properties 
will be related to the nature of the bridge 
3.2 Thermal reaction of Me2SiCp'2Fe2(CO)4 (2) with S8 
Reaction of 2 with elemental sulfur in a molar ratio of Fe S = 1 4-5 in refluxing toluene for 
69 hours gave two products 5 and 6 in 47 % yield each The reaction was followed by means 
of IR spectroscopy The CO vibrations of 2 gradually disappeared and no intermediate 
carbonyl containing product was detected During the reaction the color of the reaction 
mixture slowly changed from dark red to black and a black precipitate was formed The 
precipitate was filtered off (fraction I) and the filtrate was evaporated to dryness (fraction Π) 
Recrystalhzation of fractions I and Π from СНгСЬ/Ьехапе mixtures yielded the pure, black-
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crystalline compounds (N^SiCp^hFesSu (5) and (Me2SiCp'2)2Fe4S6 (6) respectively 
(Scheme 1). Both compounds gave satisfactory elemental analyses (C,H,S). 
(Me2SiCp'2)2Fe5S1 2 
(S) 
Δ 
* · + 
(Me 2 SICp 2 ) 2 Fe 4 S 6 
(6) 
No satisfying interpretation could be given of the FAB mass spectrum of compound 5. To 
prevent destruction during ionization, the monocationic compound 5+PF6_ was prepared 
through oxidation with Cp2Fe+PFô" or O2/NH4PF6 (Scheme 2). This compound however, gave 
no satisfying FAB mass spectrum either. Peaks at 812 and 844 (corresponding to 
(N^SiCp^FesSs and (Me2SiCp'2)2Fe5S6 respectively) were clearly observed. The highest 
observed mass at 1036 a.m.u. corresponds to (N^SiCp^hFesSiî, but its intensity is just 
above noise level. In the FD-mass spectrum however, the parent ion peak is clearly present at 
1035 (M+ - 1) with the correct isotope distribution pattern, and only low intensity 
decomposition peaks are observed. Clearly FAB MS is to destructive to detect an intense 
parent ion peak for 5. 
5 + Cp2Fe+PF6" • 5+PF6" + Cp2Fe 
5 + Vi O2 + NH4PF6 • 5+PF6" + NH3 + H2O 
Scheme 2 
In the FAB mass spectrum of 6 the parent peak is clearly observed at 788 a.m.u. Both isotope 
distribution and decomposition pattern are in accordance with formulation of 6 as 
(Me2SiCp'2)2Fe4S6. A small peak at 805 a.m.u. is thought to arise from 6.OH, probably 
Scheme 1 
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stemming from reaction of 6 with air and/or water in the m-mtrobenzylalcohol matrix used 
for introduction into the spectrometer To avoid air oxidation and concomitant contamination 
of the sample, we prepared the monocation of 6 by reaction of 6 with (CsHs^Fe^Fe 
(Scheme 3) The FAB spectrum of the product 6+PF6 shows a more intense parent peak at 
788 a m u , and a less intense peak at 805 a m u 
6 + (C,H,)2Fe+PF6 • 6+PF6 + (C5H5)2Fe 
Scheme 3 
3.3 Photochemical reaction of Me2SiCp'2Fe2(CO)4 (2) with S„ 
When 2 was reacted photochemically with Sg, in a molar ratio of Fe S = 1 5 5, a compound, 
different from 5 and 6, was obtained (Scheme 4) 2 and Sg were irradiated by a high pressure 
mercury lamp for 10 hours and subsequently the solvent was evaporated The resulting black 
material was purified by means of column chromatography to give one black fraction which 
after removal of the solvent and recrystallization from СНгСІгЛіехапе yielded pure crystalline 
(Me2SiCp2)2Fe4S6(CO) (7) in approximately 40% yield 
h V
 » (Me2SiCp2)2Fe4Se(CO) 
(7) 
Scheme 4 
The conversion of 2 to 7 was also followed by means of IR spectroscopy The CO vibrations 
of 2 gradually disappeared, and two new signals appeared, at 2030 and 1923 cm ' The first 
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can be ascribed to Fe(C0)5 The latter is still present after purification and crystallization of 7 
It is therefore concluded that 7 has a terminal carbonyl ligand The composition of 7 was 
derived from FD MS, NMR, IR, and elemental analysis The FAB mass spectrum of 7 clearly 
shows a peak at 756 a m u , corresponding to (Me2SiCp'2)2Fe4S5 A smaller peak is observed 
at 788 a m u corresponding to (Me2SiCp'2)2Fe4S6 Higher masses are observed, but their 
intensity is very low No mass corresponding to a composition (Me2SiCp'2)2Fe4Sé(CO) (M = 
816) is found This mass is observed, however, in the FD mass spectrum Its intensity is about 
20% of that of the peak due to (Me2SiCp'2)2Fe4S6 at 788 a m u , thought to result from loss of 
CO 
3.4 Thermal reaction of (Me2CCp*2)Fe2(CO)4 (3) with Sg 
Compound 3 was dissolved in toluene and refluxed in the presence of elemental sulfur (Fe S 
= 1 6) for 45 h (Scheme 5) 
(Me2CCp 2 )2Fe4S6 
В 
Scheme 5 
The color of the reaction mixture changed from red to black and a black precipitate formed 
The reaction mixture was filtered From the black filtrate no identifiable product could be 
isolated The precipitate was extracted with CH2CI2 and this extract was evaporated to 
dryness The resulting black solid was recrystalhzed from СНгСЬ/Ъехапе mixtures to give a 
black powder In the FAB mass spectrum a large parent ion peak is found at 756 a m u , 
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corresponding to the composition (Me2CCp'2)2Fe4S6 8. A second, small parent ion peak at 
770 a m u corresponds to [(Me2CCp'2)2Fe4S6(CH2)]2+. This is probably due to reaction of 8 
with CH2CI2 (see Chapter 4) All our attempts to purify 8 by means of crystallization failed 
3.5 Molecular structure determinations 
Single crystals of compound 5 were obtained by slow diffusion of hexane into a 
dichloromethane solution over a period of one week X-ray structure analysis10 revealed these 
crystals to be (Me2SiCp'2)2Fe5Si2 СН2С12 (5 CH2C12) 
Attempts to crystallize 5 from СНгСЬ-пехапе mixtures at elevated temperatures over longer 
periods (8 weeks) resulted in the simultaneous oxidation and decomposition of cluster 
molecules, giving crystals with composition S'ÎeCU 0 5CH2CI2, suitable for X-ray 
diffraction10 
The molecular structure of 5 is displayed in Figure 3 The structure of 5+ is very similar to 
that of 5, hence only 5 is shown The atom labeling of 5 and 5+ is identical The crystal data 
and experimental details are listed in Table 11 and 
Table 12 Selected atomic distances and bond angles are listed in Table 1 and Table 2 
respectively The molecules have a, for iron-sulfur clusters unprecedented2, bow-tie shaped 
form" 15 They consist of two Me2SiCp'2Fe2-units, which are bonded via four disulfido 
groups and a tetrasulfido group to the central Fe(l) atom This central iron atom is thus 
octahedrally coordinated by six sulfur atoms In both the Me2SiCp'2Fe2-units each iron atom 
is coordinated to three sulfur atoms and one Cp-nng The Cp-Cp rings are positioned with 
respect to each other under an angle of approximately 100° This is almost identical to the 
value in the starting material 2, which suggests that the geometry of the coordination of the 
bridged ligand to the iron atoms in the iron-sulfur cluster core is similar to that in the iron 
carbonyl starting material 
Recently, some pentanuclear, bow-ue type Fe clusters have been reported, viz [Fe^S^CO^]2 ' *6 and 
[Fe5S2(CO)„]2 v 
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In the crystal structure of 5 the cluster molecule is situated on a crystallographically imposed 
twofold rotation axis This is not the case for the crystal structure of 5+ This means that the 
two Me2SiCp'2Fe2-units are identical in 5 and not identical in 5+ The differences, however, 
are small and could well be imposed by packing forces in the crystal The unit cells of 5 and 
5(FeCU) contain four and two cluster molecules respectively, which are each others mirror 
images The Сг chirahty of the cluster molecules is best seen in the orientation of the μ2-μ2 S4 
group one molecule in the unit cell contains the d-isomer and its mirror image contains the 1-
lsomer16 
The Fe(2)-Fe(3) distance of 5 (2 55 Â) is short compared to the distances in known non-
bridged r|5-cyclopentadienyl iron-sulfur cluster compounds17 (average 2 65 Â) and is close to 
the value in the starting material 2 (2 51 Ä) The orientation around Fe(l) is approximately 
octahedral The longest Fe( 1 )-S distance is about 0 05 Â longer than the shortest one, but all 
these Fe(l)-S distances are well within the range (2 15 - 2 35 Â) observed for Fe(II)-S 
distances in octahedral complexes18 20, but shorter than the Fe-S distances in the FeSé bridge 
unit in the M2Fe7S8(SCH2C6H5)i24 cluster (mean 2 53 À)21 The longer Fe-S distances in the 
latter compound are ascribed to the fact that the central atom is high spin Fe(II) This 
suggests that the central iron atom in 5 can be described as low spin Fe(II) The Fe(2,3)-S 
distances vary between 2 171 and 2 243 À The S-S distances he in the range 2 013 to 2 101 
Â This dispersion is quite large This phenomenon is not understood, but not uncommon for 
S4 ligands24 The Si atom coordination geometry is that of a slightly distorted tetrahedron the 
angle between the two Cp'-carbon - Si bonds is 6° smaller than the angle between the two 
methyl-carbon to Si bonds, but this difference is smaller than for the starting material 2 where 
it is almost 10° Just as in the starting compound 2, the Si atom of the bridged ligands does 
not lie in the Cp' planes, but has moved towards the Fe-Fe bond The distance to Cp(2) and 
Cp(3) is 0 12 and 0 34 À respectively 
In the crystal structure of 5+ four of the six Fe(l)-S distances are close to 2 30 Á, whereas the 
two other Fe-S distances, involving the two coordinated sulfur atom of a \l-¡-S2 ligand are 
about 2 20 A The Fe-S distances of about 2 30 A are similar to those found in the Fe(SR)6-
46 Chapter 3 
a) 
ClOa CI 
СП ПО C2 
S6a Sb 
b) 
Figure 3: a) X ray structure of (Me2SiCp 2>2Fe5Si2 (5) Hydrogen atoms are omitted for clarity Thermal 
ellipsoids are at 50% probability b) ORTEP drawing of the Fe^S
n
 cluster core of 5 
bridge subunit of the Mo2Fe7Sg(SEt)i23 cluster21 and other Fe(III)-coordination complexes 
with ligating sulfur atoms, e g for Fe(R2dtc)3 values of 2 34 À are reported 
Ring-Bridged Cyclopentadienyl Iron-Sulfur Clusters 47 
The 12 Fe(2,3,2a,3a)-S distances fall apart in two categories Six of them are in a narrow 
range from 2 165 to 2 184 Λ, whereas the other six are somewhat larger, but also in a narrow 
range ι e from 2 240 to 2 286 À The Fe(2)-Fe(3) and Fe(2a)-Fe(3a) distances are relatively 
short, 2 56 Â and 2 58 Â respectively, but somewhat longer than in 5 The S-S distances in all 
the sulfido ligands were found in the remarkably narrow range of 2 041 Â to 2 073 A These 
values are close to those found in H2S2, 2 055 À26 
The geometry around the Si atoms is again distorted tetrahedral The difference in angle 
between C(l)-Si(l)-C(2) and C(3)-Si(l)-C(9) (8° - 11°) is close that of 2 (10°) In 5+ the Si 
atoms have moved out of the Cp planes, towards the Fe-Fe bond 
The Fe-Cl distances in the FeCl4 ion, centered around 2 16 À, show unambiguously the 
presence of Fe(Hr) in this ion27 28 and thus confirm the plus one charge on 5+ (see also Section 
3 9) 
The differences in structure between 5 and 5+ are very small, indicating extensive charge 
derealization Upon oxidation, the Fe(l)-S distances do not shorten, which means that the 
oxidation is not a simple, localized Fe(l)2+ -> Fe(l)1+ transition In compound 5 the S-S 
distances vary more than in S+ The reason for this is not understood 
The tetrasulfido group is unprecedented for iron-sulfur clusters Sulfur is known to form large 
catenanes, including the S42 anion, as is reported for a large number of compounds ' 4 29_43 
But thus far no T|5-cyclopentadienyl iron-sulfur clusters with sulfido groups larger than 
disulfido had been reported 
Table 1: Imeratomic distances (Â) of compounds 5 and 5* 
5+ 5+ 
Fe(2)-Fe(3) 2 551(4) 
Fe(2a) - Fe(3a) 
Fe(l) S(4) 2 276(5) 
Fe(l)-S(4a) 
Fe(l)-S(5) 2 272(6) 
2 561(2) 
2 580(2) 
2 300(2) 
2 321(2) 
2 305(3) 
S(5) - S(7) 
S(5a) - S(7a) 
S(8) - S(9) 
S(8a) - S(9a) 
Fe(2)-C(av f 
2 074(6) 
2 073(6) 
2 09(3) 
2 068(3) 
2 068(3) 
2 067(3) 
2 067(3) 
2 088(7) 
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Table 1 (cont.) 
Fe(l)-S(5a) 
Fe( l ) -S(9) 
Fe(l)-S(9a) 
Fe(2) - S(4) 
Fe(2a) - S(4a) 
Fe(2) - S(7) 
Fe(2a) - S(7a) 
Fe(2) - S(8) 
Fe(2a) - S(8a) 
Fe(3) - S(7) 
Fe(3a) - S(7a) 
Fe(3) - S(8) 
Fe(3a) - S(8a) 
Fe(3) - S(5) 
Fe(3a) - S(5a) 
S(4) - S(6) 
S(4a) - S(6a) 
S(6) - S(6a) 
5 
2.226(5) 
2.243(5) 
2.192(6) 
2 241(5) 
2.172(5) 
2.171(7) 
2.293(5) 
2.101(6) 
2.013(9) 
5+ 
2.299(3) 
2.215(2) 
2.186(2) 
2.240(2) 
2.256(3) 
2.181(3) 
2.184(3) 
2.251(2) 
2.241(2) 
2.175(3) 
2.180(2) 
2.165(3) 
2.169(3) 
2.286(3) 
2.274(2) 
2.058(3) 
2.073(3) 
2.041(4) 
Fe(2a) - C(av.) 
Fe(3) - C(av.) 
Fe(3a) - C(av.) 
Fe(2)-Cp 
Fe(2a) - Cp 
Fe(3) - Cp 
Fe(3a) - Cp 
S i ( l ) -C( l ) 
Si( la)-C(la) 
Si(l)-C(2) 
Si(la)-C(2a) 
Si(l)-C(3) 
Si(la)-C(3a) 
Si(I)-C(9) 
Si(la)-C(9a) 
Si(D-Cp(2) 
Si(la)-Cp(2a) 
Si(l)-Cp(3) 
Si(la)-Cp(3a) 
5 
2.11(2) 
1.711(4) 
1.717(4) 
1.85(2) 
1.87(2) 
1.85(2) 
1.88(2) 
0.119(7) 
0.335(6) 
5+ 
2.11(1) 
2.10(1) 
2.10(1) 
1.703(2) 
1.730(2) 
1.716(2) 
1.712(2) 
1.856(12) 
1.824(11) 
1.846(11) 
1.845(12) 
1.870(11) 
1 880(9) 
1 868(10) 
1.889(9) 
0.058(3) 
0.067(3) 
0.281(3) 
0.317(3) 
' Largest value of esd's given 
Table 2: Angles (°) of compounds 5 and 5* 
5+ 5+ 
Fe(3) - Fe(2) - S(4) 110.2(2) 109.57(8) 
Fe(3a) - Fe(2a) - S(4a) 110.19(9) 
Fe(3) - Fe(2) - S(7) 53.9(2) 53.89(8) 
Fe(3a) - Fe(2a) - S(7a) 53.69(8) 
Fe(3) - Fe(2) - S(8) 53.4(2) 53.00(7) 
S(7) - Fe(2) - S(8) 
S(7a) - Fe(2a) - S(8a) 
S(7) - Fe(3) - S(8) 
S(7a) - Fe(3a) - S(8a) 
Fe(l)-S(4)-Fe(2) 
99.5(3) 
102.4(2) 
109.5(3) 
99.53(10) 
99.46(10) 
102.45(10) 
101.9(1) 
109.71(10) 
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Table 1 (coni ) 
Fe(3a) - Fe(2a) - S(8a) 
Fe(2) - Fe(3) - S(7) 
Fe(2a) - Fe(3a) - S(7a) 
Fe(2) - Fe(3) - S(8) 
Fe(2a) - Fe(3a) - S(8a) 
S(4)-Fe(l)-S(5) 
S(4a)-Fe(l)-S(5a) 
S(4)-Fe(l)-S(9a) 
S(4a)-Fe(l)-S(9) 
S(5)-Fe(l)-S(9) 
S(5a)-Fe(l)-S(9a) 
S(4) - Fe(2) - S(7) 
S(4a) - Fe(2a) - S(7a) 
S(4) - Fe(2) - S(8) 
S(4a) - Fe(2a) - S(8a) 
5 
54 6(2) 
56 0(2) 
84 1(2) 
175 2(3) 
91 2(2) 
90 5(3) 
85 6(2) 
5+ 
52 91(7) 
54 09(8) 
53 82(7) 
56 14(8) 
55 50(7) 
94 04(9) 
93 68(9) 
177 65(10) 
177 04(10) 
90 75(10) 
91 45(10) 
92 75(10) 
91 79(10) 
83 35(9) 
85 48(9) 
Fe(l)-S(4a)-Fe(2a) 
Fe(2) - S(7) - Fe(3) 
Fe(2a) - S(7a) - Fe(3a) 
Fe(l)-S(4)-S(6) 
Fe(l)-S(4a)-S(6a) 
Fe(2) - S(4) - S(6) 
Fe(2a) - S(4a) - S(6a) 
Fe(2) - S(8)- Fe(3) 
Fe(2a) - S(8a) - Fe(3a) 
C(3)-S!(l)-C(9) 
C(3a)-Si(la)-C(9a) 
C(l)-Si(l)-C(2) 
C(la)-Si(la)-C(2a) 
Cp'(2) - Cp'(3)a 
Cp'(2a) - Cp'(3a) 
5 
71 5(2) 
105 2(3) 
113 3(3) 
70 6(2) 
106 0(7) 
111 9(8) 
98 2(7) 
5+ 
108 38(10) 
72 01(9) 
72 49(9) 
105 97(12) 
106 11(12) 
115 80(13) 
115 37(13) 
70 86(9) 
71 60(8) 
102 9(3) 
106 6(4) 
113 7(6) 
114 3(6) 
101 8(3) 
97 3(4) 
* Angle between least squares planes 
Crystals of 6 were grown by means of slow diffusion of pentane into a THF solution Its 
structure could be determined10 and is depicted in Figure 4 Experimental and crystal data are 
given in Table 13 Selected atomic distances and bond angles are given in Table 3 and Table 
4 respectively Atom numbering is given according to Figure 4 
Unfortunately, the structure could only be refined up to R = 0 108, which is probably due to 
bad crystal quality Consequently, the esd's of the distances and angles (see Table 3 and Table 
4) are quite large, but they leave no doubt about the structure From the data it can be 
concluded that the structure of 6 is very similar to that of Ср4ре<|5б'744 The molecule does 
not have perfect C2 symmetry in the crystal, but deviations are small 
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Figure 4: a) X-ray structure of {MeiSiCp'i)2FetS/, (6) Hydrogen atoms are omitted for clarity Thermal 
ellipsoids are at 50% probability b) ORTEP drawing of the Fe4S6 core of 6 
The Fe(l)-Fe(2) and Fe(3)-Fe(4) distances are 2.62 A and 2.61 A respectively, which is 
shorter than in Cp4Fe4S6 (2.64 A) but longer than the corresponding Fe-Fe distances in 
(Me2SiCp'2)2FesSi2 (2.55 À). This implies that, compared to Cp4Fe4S6, the SiMe2 bridge 
shortens the Fe-Fe bond. In 6, the orientation around the bridging silicon atoms is close to 
tetrahedral, with the C(25)-Si(l)-C(15) angle being 6° smaller than the C(26)-Si(l)-C(27) 
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angle. A similar small deviation from perfect tetrahedral geometry was found for 5 and 5+. 
The Si atoms in 6 lie out of the Cp' planes, closer to the Fe-Fe bonds, just as in 5 and 5+. The 
Cp-Cp rings are positioned with respect to each other under an angle of approximately 103°. 
This is only 4° larger than in Cp4Fe4S6, which suggests that the bridged ligand is almost free 
from strain in coordinating to the iron atoms in the iron-sulfur cluster core in 6. 
Table 3: Interatomic distances (Â) of compound 6 and Cp4Fe4S6'M 
Fe(l)-Fe(2) 
Fe(3) - Fe(4) 
Fe(l)-Fe(3) 
Fe(2) - Fe(4) 
Fe( l ) -S( l ) 
Fe(3) - S(2) 
Fe(l)-S(2) 
Fe(3)-S(l) 
Fe(l)-S(4) 
Fe(3) - S(3) 
Fe(2)-S(l) 
Fe(4) - S(2) 
Fc(2) - S(4) 
Fe(4) - S(3) 
Fe(2) - S(5) 
Fe(4) - S(6) 
Si(l)-Cp(l)b 
Si(l)-Cp(2) 
Si(2)-Cp(3) 
Si(2)-Cp(4) 
6 
2.619(4) 
2.613(4) 
3.403(4) 
4.359(5) 
2.223(6) 
2.210(6) 
2.262(5) 
2.255(6) 
2.184(6) 
2.176(6) 
2 203(6) 
2.200(6) 
2.217(5) 
2.201(6) 
2 239(6) 
2.241(6) 
0.208(7) 
0 130(6) 
0 206(7) 
0.154(7) 
Cp4Fe4S6 
2.637(2) 
3.412(2) 
4.356(2) 
2.201(2) 
2.255(2) 
2.182(3) 
2.198(2) 
2.213(3) 
2.240(3) 
S(3) - S(5) 
S(4) - S(6) 
Fe( l ) -Cp 
Fe(3) - Cp 
Fe(2) - Cp 
Fe(4) - Cp 
Fe(l)-C(av.)a 
Fe(3) - C(av.) 
Fe(2) - C(av.) 
Fe(4) - C(av.) 
Si(l)-C(25) 
Si(2) - C(45) 
Si(l)-C(15) 
Si(2) - C(35) 
Si(l)-C(26) 
Si(2) - C(46) 
Si(l)-C(27) 
Si(2) - C(47) 
6 
2.041(7) 
2.014(7) 
1.760(4) 
1.757(4) 
1.755(3) 
1.755(3) 
2.15(10) 
2.14(15) 
2.11(9) 
2.11(10) 
1.83(2) 
1.90(2) 
1.86(2) 
1.84(2) 
1.95(3) 
1.87(3) 
1.81(3) 
1.88(3) 
Cp4Fe4S6 
2.039(3) 
1.762(2) 
1.769(2) 
2.128(9) 
2.130(12) 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
" Largest value of esd's given Distance to least-squares plane 
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Table 4: Angles (°) of compound 6 and Ср4ре486+' 
Cp4Fe4S6 Cp4Fe4S6 
Fe(2, 
Fe(4; 
Fe(2J 
Fe(43 
Fe(2) 
Fe(4J 
Fe(l] 
F e ^ 1 
Fe(l] 
Fe(3] 
Fe(l 
Fe(3 
Fe(2 
Fe(4 
-Fe(l) 
- Fe(3) 
-Fe(l) 
- Fe(3) 
-Fe(l) 
- Fe(3) 
- Fe(2) 
- Fe(4) 
- Fe(2) 
- Fe(4) 
- Fe(2) 
- Fe(4) 
- S(5)-
- S(6) -
-S(l) 
-S(2) 
-S(2) 
-S(l) 
-S(4) 
-S(3) 
-S(l) 
-S(2) 
-S(4) 
-S(3) 
-S(5) 
-S(6) 
53 4(2) 
53 5(2) 
108 3(2) 
108 4(2) 
54 1(2) 
53 8(2) 
54 1(2) 
53 8(2) 
52 9(2) 
52 9(2) 
116 7(2) 
116 7(2) 
111 1(3) 
111 0(3) 
53 12(6) 
107 46(7) 
53 67(7) 
53 21(7) 
52 58(7) 
116 88(8) 
1112(1) 
Cp(l) 
Cp(3) 
C(25) 
C(45) 
C(25) 
C(45) 
C(25) 
C(45) 
C(15) 
C(35) 
C(15) 
C(35) 
C(26) 
C(46) 
- Cp(2) 
- Cp(4) 
-Si( l )-
Si(2) -
-Si( l )-
- Si(2) -
-Si( l )-
- Si(2) -
- Si(l) -
- Si(2) -
-Si( l)-
-Si(l) 
- Si(2) -
- Si(2) · 
C(26) 
C(46) 
-C(15) 
C(35) 
C(27) 
C(47) 
 C(26) 
C(46) 
C(27) 
C(47) 
 C(27) 
C(47) 
104 1(7) 
101 7(9) 
106 9(12) 
109 1(11) 
105 3(10) 
107 3(10) 
109 8(11) 
107 0(11) 
108 5(12) 
109 8(12) 
1133(11) 
1102(11) 
113(2) 
113 2(13) 
99 9(4) 
The most striking feature of the structure of 6 is its almost perfect resemblance to the 
structure of Cp4Fe4S6 The SiMe2 bridge apparently in no way hinders the coordination of the 
Cp-nngs to the iron atoms for this cluster core 
3.6 Ή NMR spectroscopy 
All three compounds 5, 6 and 7 give interpretable Ή NMR spectra In Table 5 the NMR data 
are summarized 
In the Ή NMR spectrum of S (Figure 5) eight peaks with equal intensity are observed in the 
range from 4 0 to 5 9 ppm These peaks are ascribed to the Cp protons Also two peaks with 
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triple intensity are found around 0 ppm, which correspond to the SiMe2 groups. Hence 
compound 5 must have a symmetry element in solution, such as a mirror plane or rotation 
axis In the crystal structure it has perfect C2 symmetry, so this is also assumed to be the case 
in solution. 
grease 
>Si(CHîh 
CH2Clj 
jjj 
C5H4 
Ш L 
(ppm) 
/ \ 
Figure 5: Ή NMR spectrum of S in CDCl¡ (7 29 ppm) at 500 MHz S denotes solvent impurities 
In the Ή NMR of 6 (Figure 6) six peaks with equal intensities and one peak with double 
intensity, corresponding to 16 Cp'-H atoms are observed, in the range from 3.7 to 7.0 ppm. 
Also two peaks with triple intensity are observed near 0 ppm, which are ascribed to the SiMe2 
groups This means that, like 5, 6 must have a mirror plane or a C2 rotation axis in solution. In 
the corresponding compounds (C5Hs)4Fe4S6 and (C5H4Me)4Fe4Se the only symmetry element 
found is a C2 axis, which thus gives rise to 2 and 8 non-equivalent Cp'-H hydrogen signals, 
respectively4,45 The C2 chiral character of Cp¿iFe4S6 in solution was also established by NMR 
studies using Eu-optishift, from which it was concluded that no interconversion of isomers 
takes place in solution45. 2D COSY Ή NMR analysis of 6 shows twice a clear correlation 
between 4 Cp'-H signals, which can be ascribed to two non-equivalent Cp' moieties. It can 
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therefore be concluded that 6 has a C2 axis in solution, which is in agreement with the 
approximate Сг symmetry in the crystal structure 
CHCh 
C5H4 
^JUL·1 
>S.(CH3)2 
u^ i_ 
(ppm) 
Figure 6: Ή NMR spectrum of 6 in CDClj (7 29 ppm) at 500 MHz 
\ 
1 (I 
On close examination of the Ή NMR spectrum of 6 the Cp'-H signals consist of 4 sharp 
peaks and 3 somewhat broadened signals (of which 1 has double intensity, see Figure 6) 
When the NMR sample is exposed to air for 1 day and 1 week, the initially broadened peaks 
in the Ή NMR spectrum broaden even further and all peaks start to shift, until only 4 peaks 
remain visible (Figure 7) Upon comparison with the 2D COSY NMR of 6 it became clear 
that the sharp signals belong to the protons of 1 Cp ring (and the symmetry related Cp' ring) 
and the broadened signals also belong to 1 Cp ring This led us to the following conclusion 
the broadening is due to a small amount of paramagnetism (caused by air-oxidation) The 
unpaired electron is delocahzed over the entire cluster core (see for instance paragraph 3 7), 
but is felt more at one iron site than at the other Kubas showed that upon oxidation of 
Cp4Fe4S6 the electron is taken from an anti bonding orbital localized at the iron atoms Fe(l) 
and Fe(3)17 This could as well be the case for 6 
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(ppm) 
Figure 7: Ή NMR spectra of 6 at ¡00 MHz a) under N2 atmosphere, b) NMR sample exposed to air for 1 day, 
c) NMR sample exposed to air for I week. A and В denote different Cp' sites. 
In the Ή NMR of compound 7 (Figure 8) thirteen peaks with equal intensities and one with 
triple intensity are observed in the range from 3.9 to 5.6 ppm; these are assigned to the 
cyclopentadienyl hydrogen atoms. 
CH2CI2 
" * C 5 H 4 
/ 
JÉiUiJ 
\ 
: •SI(CHJ) ! 
S 
•Λ. 
A-A 
C H : C 1 2 
JU 1 л WIL i U J L _ _ J 
Figure 8: Ή NMR spectrum of 7 in CDCl, (7.29 ppm) at 500 MHz. a) from 0 to 6 ppm b)from 3.5 to 5.5 ppm. 
S denotes solvent impurities. 
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Also four peaks with triple intensity are observed between 0 and 0.6 ppm, which are ascribed 
by the SiMe2 groups. In the 2D Ή NMR spectrum a correlation is found between four times 
four signals. All this means that four different Cp'-ligands are present and that 7 has no 
symmetry element. 
No clear Ή NMR spectrum of 8 could be obtained. In the Cp-H region only very broad 
signals are found, which is perhaps due to paramagnetic impurities. 
Ag2iS¿3K"^4SI^Í5 
A v , 
-C5H4 
f© 
>Si(CH3)2 
J3U Э It, 
Figure 9: ' J C NMR of 7 in CDCl3. (77 ppm). recorded at 100 MHz. 
The nC-NMR spectrum (Figure 9) of 7 shows 14 peaks between 70 and 105 ppm, of which 1 
has double intensity (see Table 6). A 16th signal is believed to be masked by the intense 
signal of CDCI3 (77 ppm). These signals are ascribed to the Cp' carbon atoms bearing a 
hydrogen atom. Signals of the silicon bearing Cp' carbon atoms are not observed, since they 
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are "quaternary" carbon atoms and are expected to give peaks of low intensity, due to the 
slow relaxation of the l 3C spin. Around 0 ppm the four methyl signals of the two 
dimethylsilyl groups are found. The weak signal at 220 ppm is assigned to the carbonyl 
46 
group . 
Table 5: Ή NMR data for complexes 5, 6 and Τ 
complex Cp-H S1-CH3 
"~S 5.90 (2); 5.64 (2); 5.36 (2); 5.31 (2); 5.24 (2); 5.05 (2); 0.32(6); 
4.77 (2); 4.05 (2) 0.25 (6) 
6 6.90 (2); 6.11 (2); 5.98 (2); 5.05 (2); 4.59 (2); 4.41 (4); -0.01 (6); 
3.71(2) 0.10(6) 
7 5.57 (1); 5.45 (1); 5.23 (1); 5.18 (1); 5.11 (1); 5.05 (1); 0.51 (3); 0.46 (3); 
4.98 (1); 4.88 (1); 4.73 (1); 4.69 (1); 4.66 (1); 4.54 (1); 0.32 (3); 0.15 (3); 
4.36(3); 3.90(1) 
' CDClj (7 29 ppm) solutions at 298 K. Integrations are in parentheses. No clear couplings could be observed. 
Table 6: 13C-NMR data for complex Τ 
Cp-C Si-СНз CO 
102.2; 99.6; 97.1; 93.2; 92.3; 91.0; 90.3; -1.4;-1.7;-2.2;-2.9 220.7 
89.8; 88.0; 84.1; 83.9; 83.6; 75.1; 74.0 
* CDCl, (77 0 ppm) solution at 298 K. 
3.7 Mössbauer spectra 
For the Mössbauer spectrum of 5 (Figure 10) the best fit is obtained using a 2:2:1 iron-site 
model (Table 7). The two sets of two iron atoms have very similar quadrupole splittings (1.10 
and 1.11 mm s"1), and slightly different isomer shifts (0.25 and 0.35 mm.s"1). The unique iron 
atom has a isomer shift of 0.25 mm.s"' and a quadrupole splitting of 0.43 mm.s"1. Upon 
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oxidation to 5+PF6" the 2.2.1 Fe site ratio is maintained, but all the signals shift The central 
iron site shifts to lower value, consistent with reduced electron density around this atom One 
of the two two-iron sites also shifts to lower value. The other one shifts slightly in positive 
direction, which would indicate a slight increase in electron density The two di-iron sites 
change only slightly in their quadrupole splitting, but the QS for the central iron changes 
substantially The observation that all iron sites change upon oxidation indicates some degree 
of charge derealization 
10 С p, 
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Figure 1 : Mossbauer spectra of a) 5 and b) 5(PF¿), recorded at 77K 
In Table 7 the Mossbauer values of some other iron-sulfur containing compounds are listed, 
amongst which an example of the well known spin-crossover dithiocarbamate complexes 
From the data it can be concluded that the central iron atom of 5 exhibits Mossbauer 
behavior, somewhat different from the other six-sulfur coordinated iron atoms The dtc 
complexes are high-spin complexes, at least at temperatures well above liquid helium 
temperature The iron atoms in the listed dithiocarboxylato complexes and ^-S2){FeOS4')l2 
(a complex in which the two Fe(IT) atoms are octahedrally surrounded by 6 S atoms)20 are low 
spin, as are the iron atoms in cyclopentadienyl iron-sulfur clusters The value for the IS of the 
central iron atom of 5 is more compatible with the low spin types of compounds The values 
b) 
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found for the other Fe sites are in agreement with those found for the η -cyclopentadienyl 
cubane iron-sulfur clusters 
b) 3*10000 
3*000« 
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Figure 11 Mossbauer spectra of a) 6 and b) 6(PF6) recorded at room temperature 
The Mossbauer spectra for 6 and 6+PF6 (Figure 11) are almost identical, and consist of one 
doublet, implying that the Fe-siles are identical This is obviously not true from a structural 
point of view, but Mossbauer spectroscopy seems unable to distinguish between the various 
Fe-sites The spectra reported for Cp4Fe4S6°/+ (recorded at 4K) also show one doublet, but the 
data were fitted in accordance with a two-site model47 The value for the IS of 6, however, is 
closer to that of Cp4Fe4S4 than of Cp4Fe4Sô This could be due to the different temperatures at 
which 6 (298K) and Cp4Fe4S6 (4K) have been measured20 The almost negligible change in 
spectrum on going from 6 to 6+ can mean that changes in electron density upon oxidation are 
counteracted by structural changes, as has also been postulated for Cp4Fe4S4+/2+ 48, or that the 
oxidation step is Cp-hgand based4849 
Table 7. Mossbauer dala for iron sulfur cluster compounds I S , vs α Fe at room temperature, Q S and 
hnewidth Γ 
compound fraction IS (mms1)3 QS (mms1) Γ (mm s') ref 
40% 
40% 
20% 
0 25 
0 35 
0 25 
1 10 
1 11 
0 43 
0 34 
0 34 
0 34 
this work 
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Table 7 (cont ) 
compound 
5+ 
6 
6+ 
Cp4Fe4S4 
Cp4Fe4S4 
Cp4Fe4S4
2+ 
Cp4Fe4Ss 
Cp4Fe4S5
+ 
Cp4Fe4S,
2+ 
Cp4Fe4S6 
Cp4Fe4S6
+ 
Fe(Et2dtc)3" 
Fe(Et2dtc)3 
Fe(C6H5CS2)3 
Fe(C6H5CH2CS2)3 
(^S2){FeCS4 ')}2 ' 
fraction 
40% 
40% 
20% 
50% 
25% 
25% 
50% 
25% 
25% 
50% 
25% 
25% 
50% 
50% 
50% 
50% 
I.S. (mm.s-1)3 
0.22 
0.42 
0.16 
0.34 
0.31 
0.30-0.35 
0.35 
0.35 
0.47 
0.47 
0.25 
0.42 
0.44 
0.28 
0.37 
0.43 
0.24 
0.45 
0.45 
0.43 
044 
1.04 (100K) 
0.49 (80K) 
0.39 (300K) 
0.25 
0.35 
0.35 (86K) 
Q.S. (mm.s1) 
1.07 
1.09 
1.53 
1.02 
0.96 
0.95-1.15 
1.20 
1.20 
-1.30 
0.98 
1.17 
-1.09 
1.21 
1.25 
1.00 
0.60 
-0.97 
1.28 
1.02 
1.15 
0.96 
2.26-3.42" 
0.52 (80K) 
0.26 (300K) 
1.87 
1.72 
1.15 
Г (mm.s1) 
0.29 
0.29 
0.29 
0.27 
0.25 
0.34 
0.32 
0.32 
0.30 
0.30 
0.30 
0.28 
0.32 
0.28 
0.32 
0.30 
réf. 
this work 
this work 
this work 
48 
48 
48 
50 
50 
50 
47 
47 
51 
52-54 
55 
55 
20 
* depending on countenon 
Ring-Bridged Cyclopentadienyl Iron-Sulfur Clusters 61 
3.8 EPR spectra 
EPR spectra of 5+, 6+ and 7+ were recorded. The spectrum of 7+ was recorded after 
generation ¿и situ in the EPR tube by controlled potential electrolysis. All samples exhibit 
typical S = Vi behavior, and all values are near the value of the free electron (Table 8). No 
signals at higher g-value, which would correspond to higher spin systems , are observed. 
This is once again evidence for the extensive electron derealization in the clusters, and the 
overall low-spin behavior. The EPR signal of 6+ seems isotropic, which is not understood. 
Table 8: EPR values of some iron-sulfur cluster compounds as recorded in frozen acetonitrile (5+, 6+) solution 
at 13 К or frozen DMF (7+) solution at 8 К 
compound 
5+ 
6+ 
Τ 
gl 
2.422 
2.061 
g2 
2.138 
2.037 
g3 
1.951 
1.997 
feav 
2.170 
2.038 
2.032 
3.9 Electrochemistry 
Redox potentials of compounds 5, 6, 7 and 8 are listed in Table 9 together with those of some 
known iron-sulfur clusters. 
In the cyclic voltammogram of compound 5 (Figure 12) one reversible reduction wave, one 
reversible oxidation wave and one irreversible oxidation wave are observed. The second 
oxidation lies at approximately 800 mV higher potential than the first. This redox behavior 
differs somewhat from the cyclopentadienyl iron-sulfur cubane-type clusters. For these 
clusters the second oxidation is always reversible and the spacing between first and second 
oxidation is 300 to 700 mV. From controlled potential electrolysis we were able to determine 
the molecular weight of 5 A sample of known mass was quantitatively oxidized to the 
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monocation The charge passed was measured and from it, the molecular mass could be 
calculated In duplicated experiments we obtained a value of 1050 ± 50 a m u This value is 
in excellent agreement with the calculated molecular mass of 1036 for (Me2SiCp'2)2FesSi2 
E(V) 
Figure 12: Cyclic voltammogram of S in CH2Cl2 (0 Ι M TBAH) Potential vt the Fe"* couple 
The cyclic voltammograms of 6 and 7 (Figure 13) are characteristic of cyclopentadienyl iron-
sulfur cubane-type clusters In CH2CI2 compound 6 undergoes a reversible reduction, two 
reversible oxidations, separated by 600 mV, and furthermore two irreversible oxidations 
Compound 7 has one reversible reduction and three reversible oxidations Except for the 
second oxidation, all redox potentials of 6 are within 50 mV from those of its non-bridged 
analogue Cp4Fe4S6 Apparently, the SiMe2 group has only a small effect on the electronic 
properties of this cluster The shift of the +1/+2 transition must be caused by the ligand 
presumably the bridged Cp's have more difficulty in accommodating the conformation change 
accompanying the +1/+2 oxidation, so more energy (1 e a higher potential) is needed to bring 
about this transition The redox behavior of 7 differs markedly from that of 6, despite the fact 
that they both contain a Fe4S6 core The pattern of 7 (one reversible reduction, three reversible 
oxidations) is similar to that of Cp4Fe4Ss, compared with which all the redox transitions of 7 
are shifted in anodic direction In the cyclic voltammogram of 8 one reversible reduction 
wave and two reversible oxidation waves are observed. The redox pattern of 8 in DMF is very 
similar to those of the non-bridged analogue Cp4Fe4S6 and the dimethylsilyl bridged analogue 
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6 (Table 10), which is consistent with 8 being an Fe4S6 cluster compound. The values of the 
redox potentials are somewhat different. The +1/+2 oxidation potential of 8 lies between 
those of 6 and Cp4Fe4S6, and the reduction potential is more negative than those of 6 and 
Cp4Fe4Sé. The redox potentials of the cluster compounds are dependent on the solvent used. 
For example, on going from CH2CI2 to DMF, the +1/+2 transition of 6 shifts 100 mV in 
negative direction (see Table 10). 
+1/+2 
Z U JOD \tù -oso οαο 
Figure 13: Cyclic voltammo grams of a) 6 and b) 7 in CH2Cl2 (0 1 M TBAH) Potentials vs the Fc/Fc* couple 
Table 9: Half-wave potentials in CH2C12 for complexes 5, 6 and 7 and some literature compounds* 
complex 
5 
6 
7 
Срдгедод 
Cp4Fe4S5
d 
Cp4Fe4S6 
MeCp'4Fe4S4
e 
MeCp'4Fe4S6
e 
Ει/, (ΔΕ
Ρ
 mV) 
-1/0 
-1.53(60) 
-1.75(60) 
-1.62(58) 
-1.76 
-1 72 
-1.89 
0/+1 
-0 41 (56) 
-0.45 (57) 
-0 38 (57) 
-0.73 
-0.62 
-0.45 
-0.83 
-0.57 
+1/+2 
0.49b 
0.14(57) 
-0.01 (58) 
-0.04 
-0.30 
-0.14 
-0.10 
-0.24 
+2/+3 
0.80b 
0.80 (38)f 
0.73 
0.85b 
0.86b 
+3/44 
1.02b 
a
 With TBAH as supporting electrolyte Potentials (V) versus Fc + Peak separation (mV) in brackets b peak 
potential c from literature " s * d from literature 6 " ' from literature4 ' adsorption phenomenon 
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Table 10: Half-wave potentials in DMF* for compounds 8, 6 and Cp4Fe4S6 
compound Εν, (ΔΕ
Ρ
 mV) 
-I/O 0/+1 +1/+2 
Cp4Fe4S6
b
 -1.67 (108) -0.46 (57) -0.14(57) 
6 -1.67(62) -0.46(61) 0.04(60) 
8 -1.82(72) -0.44(69) -0.09(71) 
" With TBAH as supporting electrolyte Potentials (V) versus Fe + Peak separation (mV) in brackets in 
accordance with literature" 
The carbonyl stretching frequency of 7 was measured for all obtainable oxidation states using 
the OTTLE cell59 (Figure 14). On going from 7 (1923 cm"1) to Τ (1955 cm') to 7 2 + (1989 
cm"
1) a shift of 30-35 cm"1 to higher wavenumber is found for each oxidation step, but after 
the oxidation to 7 , + Vco is no longer observed. The lifetime of the trication is apparently too 
short to detect a carbonyl containing compound. The +2/+3 redox transition is reversible, but 
in the CV the +3 oxidation state is only maintained for a couple of seconds, whereas during 
the combined electrochemistry-infra red experiment, it has to survive at least 30 seconds to 
accumulate the amount of material sufficient for detection of a carbonyl stretching frequency. 
Upon reducing 7 to the mono-anion 7 (1901 cm"') a shift of 22 cm"' to lower wavenumber is 
found. The resemblance in magnitude of the shifts seems to indicate similar derealization of 
the charge increase in each oxidation step. The direction of the shifts is in agreement with the 
concept of strengthening of the C^O bond upon decrease of electron density available for π-
back donation. The carbonyl ligand acts therefore as "probe" for the oxidation state of the 
cluster. The sensitivity of carbonyl ligands for (partial) electron transfer has been well 
established60"62 
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Figure 14: IR spectra of 7 in various oxidation states 
3.10 Reactivity 
5 appears to be reactive towards dichloromethane (see 3.5) as has been found for other 
(poly)sulfido group containing complexes61,64. In the reaction, part of the cluster molecules 
undergoes one-electron oxidation to 5+ and another part is converted to the FeCU' anion. As 
the dichloromethane used was freed from radical inhibitor, we believe that chlorine radicals 
are responsible for this reaction. The resulting salt 5+FeCU" crystallizes and one crystal was 
characterized by means of X-ray diffraction. Other crystals were used for a CV analysis. 
Although very little material was available, a pattern very similar to that of 5 was observed, 
but the transition at -0.40 V was now irreversible and the peak currents at this potential had 
increased relative to the other transitions. The equilibrium potential was found to have shifted 
to approx. -0.3 V i.e. positive with respect to the 0/+1 transition of compound 5, and positive 
with respect to the FeCU"27"1 transition. The same pattern was observed when a sample of 5, 
deliberately contaminated with (Et4N)FeCU, was measured. The FeCU ion has an irreversible 
redox transition around -0.4 V65. Therefore the CV data of the crystals are in agreement with 
the composition 5(FeCU) found in the crystal structure. 
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A solution of 5 in freshly distilled CH2CI2 was kept (under nitrogen) for a couple of months at 
room temperature, subsequently evaporated to dryness and the resulting solid was measured 
by means of CV. A CV pattern, very similar to the one described above, was obtained, albeit 
partly obscured by redox transitions of other decomposition products. The equilibrium 
potential had shifted positive with respect to the 0/+1 transition of 5. This, once again, is in 
agreement with the aforementioned observation that compound 5 reacts with CH2CI2 to give 
(among other products) the salt 5(FeCl4), of which the crystal structure was elucidated. 
Compound 6 has a surprising thermal stability. Whereas Cp4Fe4S6 forms Cp4Fe4S4 through 
loss of elemental sulfur, both upon heating and upon reaction with tnphenylphosphine, 6 is 
stable in refluxing toluene for at least 3 days. Even treatment with an excess of 
triphenylphosphine in boiling toluene left 6 unaffected. 
J{ и 
The CV of compound 6 indicates that it 
can be oxidized to the dication, by a 
powerful oxidant. With Br2 a compound 
can be obtained which is 62 + according 
«° " ™ 65 «0 ~ ίο ~ to its CV and its equilibrium potential. 
,m
" However, it was found to be 
Figure 15: Ή NMR spectrum (from 4 5 to 8 ppm) of contaminated with other products. After 
6(PF6)2 in CD3CN (2 01 ppm) at 500 MHz. Asterisks denote . , ... „ η Ε 
ии
 anion exchange with KPF6, to give 
impurity 
6(PF6)2, an Η NMR spectrum was 
recorded in CD3CN (Figure 15). Although some impurities were present, clearly eight sharp 
Cp'-proton signals and two dimethylsilyl-proton signals were observed. The Cp'-H signals 
have shifted downfield with respect to the neutral starting material. The average downfield 
shift of the Cp'-protons is 0.85 ppm. A similar shift has been found going from Cp4Fe4Ss to 
Cp4Fe4S5
2+ 6
. After recrystallization of 6(PFe)2 from acetone/diethylether in air its CV showed 
that the compound had been reduced back to the mono-cation 6+PF6", i.e. the redox pattern 
had remained the same, but the equilibrium potential had shifted to between the 0/+1 and the 
+1/+2 transitions. 
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In our attempts to synthesize (Me2SiCp'2)2Fe4S4 we also investigated the thermal stability of 
compound 7 After stirring 7 in boiling toluene for 8 hours or heating an NMR sample of 7 in 
toluene-d8 at 100°C the only product found however, was 6, in close to 100% yield Upon 
heating, the CO hgand is lost and 6 is formed A preliminary proposal for the structure of 7 is 
given in Figure 16 Compared with 6, one Fe-S bond is broken (thus maintaining an 18 
electron configuration for all iron atoms), and the vacant position at the iron atom is taken up 
by a carbonyl hgand The structure given in Figure 16a accounts for the ease of 
transformation of 7 into 6, but it is not the only structure that fits the spectroscopic data 
The alternative structure shown in Figure 16b, possessing an exo-cubic disulfido group, as 
found for Cp2Cr2Ss (Cp = CsMes)66 68, cannot be ruled out 
Figure 16: Possible structures of(Me2SiCp 2)¡Fe4S6(CO) (7) 
3.11 Conclusions 
The reaction of the SiMe2-bndged dicyclopentadienyl di-iron tetracarbonyl 2 with elemental 
sulfur yields the easily separable and stable Fe^Se cluster 6 and a novel FesSi2 cluster 5 via the 
thermal route and a thermally unstable Fe4SeCO cluster 7 via the photochemical route In its 
structure and spectroscopic properties (NMR, EPR, Mossbauer, CV) the bridged 
cyclopentadienyl Fe4S6 cluster 6 is very similar to its non-bndged cyclopentadienyl analogue 
Cp4Fe4S6 It differs, however in thermal stability Since the two compounds seem otherwise 
virtually identical, it is believed that the inertia of 6 towards loss of sulfur is solely caused by the 
SiMe2-bndge between the Cp-fragments When Fe4S6 loses sulfur to give Fe4S4 a core 
contraction occurs, the spatial orientation of the Cp-ligand has to change (Figure 17) The angle 
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between two neighboring Cp-hgands has to change from 100° to 90° The SiMe2 bridge, 
however, does not allow the Cp-fragments to accommodate this contraction and the Fe4S6 core 
is thus left unaffected by heat and/or sulfur abstracting agents This effect gives 6 both 
thermodynamica! stability and kinetic inertia, compared to Cp4Fe4S6 
Cp4Fe4S6 Cp4Fe4S4 
H , C 
• \ . 
\ Л _ е y-^-X-* H,. 
(Me2SICp 2 ) 2 F e 4 S e (Me2SiCp 2 ) 2 F e 4 S 4 
Figure 17: Schematic representation of core contraction of FetS6 to ЛеЛ Full circles represent Fe atoms in 
the front plane, dashed circles Fe atoms m the back plane 
The Me2C bridged compound 3 reacts with 
elemental sulfur at elevated temperatures, to give a 
black compound, which, on the basis of FAB MS 
and CV, is thought to be (Me2CCp'2)2Fe4S6 (8) 
Compound 8 seems to be reactive towards CH2CI2 
Because of the similarities in the CV, compound 8 
probably has a structure analogous to 6 (Figure 18) 
Thus far we have not been able to sufficiently purify 
the compound Therefore further characterization has not been attempted Since the properties 
of 8 have not been studied in depth, it is impossible to tell whether the carbon bridge between 
Figure 18: Proposed structure 
(Me1CCp'2)1FeiSf, (8) 
of 
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the Cp'-ligands has a profound influence upon these properties. In a Fe4S6 compound, the 
ideal angle between "adjacent" Cp-rings should be close to 100° (cf. structures of 6 and 
Cp4Fe4Se ** and derivatives thereof). However, from the structure of 3 we know that the 
carbon bridge is probably not able to allow such an angle between the Cp' rings. This could 
mean that if 8 has a structure which is comparable to those of 6 and Cp4Fe4S6, the strain in 
the molecule could be considerable, and thus give rise to high reactivity. 
Not much is known about the mechanisms of the reaction between cyclopentadienyl iron 
carbonyl complexes and elemental sulfur. Considerations about possible mechanisms are 
hampered by various complications. One of those is the allotropy of sulfur: the "nature" of 
elemental sulfur is strongly temperature dependent69, which makes it very difficult to predict 
which species acts as the actual sulfur atom donor (cf. reaction temperature for thermal reaction 
is 110°C and for the photochemical reaction it is 0°C). Furthermore, during the reaction the iron 
atoms are formally oxidized from +1 to +3 and the sulfur atoms are reduced from 0 to -2 
(monosulfido groups), -1 (disulfido groups) or -Vi (tetrasulfido group in 5). There are some 
reports on the electrochemical reduction behavior of Sg, which show that in general upon 
electron uptake, smaller sulfur catenane anions are formed " . Some mechanistic studies have 
been performed on the thermal as well as photochemical reactivity of Cp2Fe2(CO)4 and its 
bridged Cp analog (Me2SiCp'2)Fe2(CO)4 273'74. Loss of CO to create a reaction site for 
incoming nucleophiles seems to be the first step for both types of compounds. The non-bndged 
Cp analogue, however, reacts almost exclusively from the franj-isomer, according to these 
studies. This pathway is prohibited for the c/s-bndged analogue 2. The photochemical reaction 
between 2 and alkynes yields nevertheless products , albeit at lower rate than for 
Cp2Fe2(CO)4. This suggests that the cis-bridged compound 2 can follow a different reaction 
path. Compounds containing CpFe fragments and both sulfido and carbonyl groups have been 
reported (Figure 19). The Cp2Fe2S4CO (Cp = C5H5, MeCsbii) complexes75 were prepared 
photochemically and the sulfane complexes (CpFe(CO)2)2(|¿-Sx) (x =\-A) were prepared ' 
thermally, either direct from Cp2Fe2(CO)4 and S8 in boiling THF or via reactions between 
CpFe(CO)2Na and S2CI2 or CpFe(CO)2Br with Sx2". These types of compounds could possibly 
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be precursors for the dinuclear iron-
%sf a [f^\\ sulfur clusters Cp2Fe2S4 (Figure 2) 
a v
 ^ y or the cubane type clusters (Figure s 
Fe — c = 0
 n ^
C
 / S« ^ % 
H3c—^Е^У ¿ι ° Compound 7 can be added to the list 
(мвс
Р
')2рв2з4(со) cPFe<co)2-S)(-<co)2FeCp,x = i-< o f CpFeS(CO) compounds, as a 
precursor for compound 6. 
Figure 19: Structures of two Cp-Fe-S-CO containing compounds. 
Compound 6 itself can be seen as a 
trapped intermediate en route to the Fe4S4 species. The formation of compound 5 is hard to 
explain, since a part of the di-iron starting complex has to be destroyed to generate iron atoms 
for the central iron site. The formation of 5 does seem to indicate the formation of dinuclear 
iron-sulfur species (e.g. (Me2SiCp'2)Fe2S4) in the course of reaction, which can then dimerize 
to give 6 or pick up another iron atom and some more sulfur to give 5. On the basis of iron, 
conversion of 2 to 5 and 6 is almost quantitative and hardly dependent on the amount of 
sulfur present: the presence of a large excess of elemental sulfur (in atomic ratios S:Fe > 6:1) 
causes the products to be heavily contaminated with elemental sulfur, and at atomic ratios 
S:Fe < 4:1 only incomplete conversion is found. The observation that neither the thermal 
reaction nor the photochemical reaction yields dinuclear species (in contrast to the non-
bridged Cp analogs) seems to indicate that these compounds are unstable under the applied 
reaction conditions. During the thermal reaction, dimerization of dinuclear species or 
abstraction of iron from the Cp-hgand by dinuclear species seems to be the preferred route to 
stable compounds of higher nuclearity, and during the photochemical reaction dimerization 
stops at a stage where one CO ligand is still present. The stability of compound 5 is not really 
understood. Using the non-bridged starting materials (Cp2Fe(CO)2)2 (Cp = CsH<¡, СНзСбШ or 
CíMeí) we and others have never encountered pentanuclear complexes. The formation of 
insoluble material has been reported however in a number of cases Maybe the hypothetical 
Cp4Fe5Si2 cluster compound is very insoluble and therefore has escaped identification thus 
far. 
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3.12 Experimental section 
General methods 
All manipulations were earned out under purified dinitrogen atmosphere, using standard 
Schlenk techniques, unless indicated otherwise FD mass spectra were recorded on a JEOL 
JMS-SX/SX102A at the University of Amsterdam, the Netherlands Ή NMR and Ή 2D 
COSY NMR were carried out on a Bruker AC 100 MHz FT Spectrometer and on a Bruker 
AM 500 MHz FT Spectrometer Cyclic Voltammetry and Differential Pulse Voltammetry 
measurements were performed using an EG&G Princeton Applied Research Model 273 
Galvanostat/Potentiostat and a PAR Model 173 potenliostat equipped with a PAR model 176 
I/E converter coupled to a PAR Model 175 universal programmer A conventional three-
electrode cell, with Pt working and auxiliary electrodes and 0 1 M TBAH electrolyte was 
used The working electrode was cleaned by polishing with 0 3 μιτι aluminum oxide, followed 
by sonication, prior to use In CH2CI2 a Ag/AgI reference electrode (grain of Agi (Fluka), 
0 02 M BU4NI (Janssen) and 0 1 M TBAH) was employed In acetonitnle a Ag/Ag+ reference 
electrode (0 1 M AgNCh) was used In DMF a Ag/AgCl (0 1 M LiCl) reference electrode was 
used 
Mossbauer spectra were recorded by Dr Mulder at the Kamerhngh Onnes Institute of the 
University of Leiden, the Netherlands, with a constant acceleration spectrometer equipped 
with a 57Co source in a Rh matrix (5, 5(PF6)) and by Mr Bieber using conventional 57Fe 
Mossbauer equipment (6, 6(PFÔ)) Powder samples were either dispersed in boron nitride (5, 
5(PF6)), sealed in brass rings with Kapton windows and measured at 77 К or used neat (6, 
6(PF6)), transferred to a small Schlenk flask with Meilar foil windows and measured at room 
temperature Isomer shifts are reported relative to Fe metal at 298 К in both cases 
EPR spectra were recorded by Prof W R Hagen, Dr M С Feiters and Mr G E Janssen of 
this University on a Bruker Electron Spin Resonance Spectrometer ER-220D-LR at X-band 
(9 GHz) 
Measurements with the OTTLE cell59 were performed by Dr Haiti at the University of 
Amsterdam 
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Crystal structures were obtained using a ENRAF NONIUS CAD4 diffractometer Standard 
experimental details and computational details are given elsewhere78 
Some compounds mentioned hereafter have been characterized by means of their Cyclic 
Voltammogram This means that a) their CV is known, b) no other redox transitions are 
observed in their CV, and c) the equilibrium potential is found at the expected value 
DMF was allowed to stand overnight on BaO, decanted and distilled under reduced pressure 
Acetonitnle was distilled from СаН2 Tetrabutylammoniumhexafluorophosphate (TBAH, 
Fluka) was used as received Sg (Interpharm) was sublimed under reduced pressure Р(СбН>0і 
(Merck) was used as received FcPFe was prepared as described elsewhere64 EuNFeCU was 
prepared as described elsewhere 7 9 See Chapter 2 for additional experimental details 
Syntheses 
(Me2SiCp'2)2Fe5Si2 (5) and (Me2SiCp'2)2Fe4S6 (6) 1 60 g of 2 (7 80 mmol of Fe) and 1 13 g 
of Se (35 3 mmol of S) were brought in 400 ml of toluene This mixture was refluxed for 69 
h During the reaction the color changed from dark red to black and a black precipitate was 
formed The mixture was filtered and the residue was extracted with dichloromethane to give 
product 5 after evaporation of the solvent The yield after crystallization from dichlorometha-
ne/hexane was 0 76 g (0 734 mmol, 47% based on Fe) The filtrate of the reaction mixture 
was dried in vacuo and recrystallized from a dichloromethane/hexane mixture to give the 
black product 6 The yield after crystallization was 0 73 g (0 926 mmol, 47%) Anal Caled 
(Found) 5 CH2CI2 С 26 77 (27 73), H 2 70 (2 71), S 34 30 (34 65) Anal Caled (Found) 6 С 
36 56 (36 39), H 3 58 (3 56), S 24 40 (25 06) FAB MS 6 805 ([M + OH]+, 4%), 788 (М+, 
88%), 756 ([M - S]+, 18%), 724 ([M - 2S], 32%) ГО MS 5 1035 (M+ 1) 
(Me2SiCp'2)2Fe4S6(CO) (7) 0 95 g of 2 (4 63 mmol Fe) and 0 84 g of S8 (26 mmol S) were 
brought in 400 ml of toluene This mixture was cooled to 0°C and irradiated with a high 
pressure mercury lamp for 10 h The reaction mixture slowly changed color from dark red to 
black and an insoluble precipitate forms on the lamp The mixture is filtered to remove any 
insoluble material The filtrate is dried in vacuo and the resulting black material was 
chromatographized over Al2Ch, using toluene/hexane (1/1) as eluent The first eluted, dark 
Ring-Bridged Cyclopentadienyl Iron-Sulfur Clusters 73 
red band contained the starting material 2; then pure toluene was used as eluent and a second, 
black band was collected, dried in vacuo and recrystallized from СНгСЬЛіехапе. Yield 0.4 g 
(0.5 mmol, 40%). Anal. Caled (Found) 7.СН2С12: С 34.65 (34.35); H 3.35 (3.70); S 21.34 
(21.40). FAB MS 7: 788 ([M - CO]+, 2%); 756 ([M - S - CO]+, 28%); 724 ([M - 2S - CO]+, 
19); 692 ([M - 3S - CO]+, 7%). FD MS 7: 816 (M+, 100%); 788 ([M - CO]+, 20%); 756 ([M -
S - CO]+, 10%). 
(Me2CCp'2)2Fe4S6 (8). 1.7 g of 3 (8.63 mmol Fe) was dissolved in 500 ml of toluene. 1.6 g of 
S8 (50 mmol S) was added and the mixture was refluxed for 45 h. A black precipitate formed, 
which was separated by filtration. The precipitate was extracted with CH2CI2. From the 
resulting CH2CI2 solution a black precipitate was obtained by slow diffusion of hexane into 
the CH2CI2 solution. This precipitate was filtered off, washed with hexane and dried in vacuo. 
Yield 160 mg (0.21 mmol, 9.8%). FAB MS 8: 770 ([M + CH 2]+, 9%); 756 (M+, 67%); 724 ( 
[M - S]+, 61%); 692 ( [M - 2S]+, 69%); 660 ([M - 3S]+, 39%). 
6+PF6~ Method A: 0.15 g of 6 (0.19 mmol) was dissolved in 30 ml of dichloromethane and 
cooled to 0°C. Then 0.07 g of FcPF6 (0.19 mmol) was added and the reaction mixture was 
allowed to warm up and was stirred for 24 h. 10 ml of hexane was added and the resulting 
black precipitate was filtered off, washed with hexane and dried in vacuo. CV analysis 
showed the product to be pure 6(PF6). FAB MS 6(PF6): 805 ([M + OH]+, 2%); 788 (M+, 
57%); 756 ([M - S]+, 19%); 724 ([M - 2S], 22%). 
6+PF6 Method B: 0.05 g of 6 (0.063 mmol) was slurried in acetonitrile and 0.06 g of NH 4 PF 6 
(0.38 mmol) was added. The mixture was then exposed to air and stirred for 24 h, during 
which the compound slowly dissolved. After addition of 25 ml dichloromethane the mixture 
was filtered, to yield a white residue and a black filtrate. The filtrate was evaporated to 
dryness The product is pure 6(PFe) according to CV analysis. 
5+PF6_ can be prepared in the same way as 6+PF6-, but was also prepared by controlled 
potential bulk electrolysis. In a typical experiment 38.5 mg of 5 was dissolved in 
dichloromethane and placed in a standard three electrode three compartment electrolysis 
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equipment, with Fe(dtc)i at the counter electrode The potential of the working electrode was 
brought to approximately 100 mV above the first oxidation potential and the passed charge 
was measured, until the anodic current was less than 1% of its initial value From the counted 
number of Faradays it was calculated that the molecular mass of 5 is 1050 ± 50 amu 
(duplo) 
62+(PFé )г 84 mg of 6 (0 107 mmol) was dissolved in 35 ml of dichloromethane and cooled 
to 0°C Approx 30 μΐ of Вгг (0 6 mmol) was added with a syringe and the reaction mixture 
was stirred for 5 mm A brown precipitate was formed and filtered off in air, washed with 
CH2CI2 and heptane and dried in air CV in acetonitnle showed it to be a mixture of 62+ and 
impurities Yield 80 mg (± 80%) The brown powder was dissolved in demineralized water, 
filtered and added to a saturated KPF6 solution in water Within 1 min a brown precipitate 
formed This was filtered, washed with water and diethylether and dried in air Crystallization 
from acetone/diethylether in air yielded 6+PF6 Ή NMR (CD3CN) 7 96 [2H], 6 72 [2H], 
6 58 [2H], 6 19 [2H], 5 68 [2H], 5 08 [2H], 4 97 [2H], 4 62 [2H] 0 29 [6H], 0 15 [6H] 
Interconversion of 7 to 6 Method A 56 6 mg of 7 (0 0693 mmol) was dissolved in 50 ml of 
toluene and refluxed for 8 h The solvent was removed in vacuo and the resulting black solid 
was recrystalhzed from CH2CI2 After filtration the filtrate was dried, redissolved in a little 
CH2CI2 and a large amount of hexane was added The resulting precipitate was filtered off 
and dried Both fractions proved to be pure 6 according to CV Yield is quantitative 
Interconversion of 7 to 6 Method В Approximately 10 mg of 7 was dissolved in ±1 ml of 
toluene-d8 and brought in an NMR-tube The tube was fire-sealed and the Ή NMR spectrum 
was recorded Then the tube was heated in an oil-bath for 4 h at 100°C and another Ή NMR 
spectrum was recorded The only compound observed was 6 The integrals of the peaks of the 
solvent were used as internal reference Interconversion (duplo) is 97% ±5% 
Attempted reaction of 6 with PPh3 53 4 mg of 6 (0 068 mmol) and 103 mg of PPh3 (0 39 
mmol) were dissolved in 50 ml of toluene This solution was refluxed for 32 h The solvent 
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was removed in vacuo The only product identified ( Ή NMR) was 6 The reaction was 
followed with IR spectroscopy No P=S 8l) vibration was observed throughout the experiment. 
Structure determination 
(Me2SiCp'2)2Fe5Si2.CH2Cl2 (5.CH2C12) A black crystal of dimension 0 12 χ 0 26 χ 0 24 
mm was mounted in a glass capillary and sealed under nitrogen atmosphere The unit cell 
dimensions were determined from the setting angles of 25 reflections in the range 15° < 2Θ < 
25° Crystal data are given in Table 11 During the measurement the crystal cracked after 
measurement of about 10713 reflections The position of the non-hydrogen atoms were found 
from an automatic Patterson interpretation (PATTY81), followed by a phase refinement 
procedure to expand the fragment (DIRDIF82) The Fourier map showed the presence of one 
dichloromethane molecule per cluster An empirical absorption correction based on F0-IFCI 
was applied using DIFABS8 1 on the original unmerged F 0 values The structure was refined 
by full-matrix least-squares on F values using SHELX84 with anisotropic parameters for the 
non-hydrogen atoms Hydrogen atoms were included at calculated positions (H at Cp in 
riding mode, H at CHi as rigid groups) The dichloromethane molecule was refined as a rigid 
group The refinement converged to an R-value of 0 071 The function minimized was Xw(F0-
F
c
) 2 with w=1.4422/[o2(F0) + 0 0002*Fo2] 
Table 11 : Crystallography data for 5 CH2C12 
Empirical formula Сг<,Н-\оС\г¥е5$\2§\г 
Formula weight 112155 
Space group C2/
c
 (No 15) 
a (A) 23 48(1) 
b (Â) 11 192 (4) 
c(Â) 17 84(3) 
β 118 58(9)° 
VÍA1) 4118(7) 
Ζ 4 
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Table 11 (coni ) 
Dcak (g/cm3) 1809 
μ(ΜοΚα) (cm 1 ) 25 17 
Temperature (K) 293 
Radiation MoKa 
R a 0 0710 
R
w
b
 0 0722 
a
 R = Σ HFol - |FJ| / Σ |F 0 | ь Rw = {Σ w(|F0 | - |FC |)2 / Σ w | F 0 f } ш 
(Me2S¡Cp'2)2Fe5Si2(FeCl,,).CH2CI2 (5+FeCl,".CH2Cl2) A black crystal of dimension 0 59 χ 
0 26 χ 0 13 mm was mounted in a glass capillary A total of 14579 unique reflections were 
measured of which 6131 were observed The structure was determined using PATTY and 
DIRDIF8 2 and final refinement was done using SHELX84, up to R = 0 064 (R
w
 = 0 079) The 
dichloromethane molecule appeared to be disordered and could be refined with 0 5 
occupancy 
Table 12: Crystallography data for 5(FeCl4) 0 5CH2CI2 
Empirical formula C24H28Cl4Fe6Sj2Si2 0 5CH2CI2 
Formula weight 1277 7 
Τ 293 
Space group Pr (No 2) 
a (À) 8 5758(7) 
b(À) 15 1606(8) 
с (À) 16 5034(7) 
α(°) 92 66(1) 
ß(°) 90 50(1) 
γ(°) 94 123(6) 
V(À3) 2138(1) 
Ζ 2 
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Table 12 (tont ) 
Dcaic (g/cm3) І985 
radiation MoKa 
μ 29 44 cm ' 
R a 0 064 
R
w
a
 0 079 
a
 definitions are as those for compound 5 
(Me2SiCp'2)2Fe4S6.(CH3)2CO (6.(CH3)2CO) A black crystal of dimension 0 16 χ 0 23 χ 
0 29 mm was mounted in a glass capillary and sealed under nitrogen atmosphere The unit 
cell dimensions were determined from the setting angles of 25 reflections in the range 10° < 
2Θ < 24° Crystal data are given m Table 13 During the measurement the cooling system 
failed and the crystal cracked The position of the non-hydrogen atoms were found from an 
automatic Patterson interpretation (PATTY81) followed by a phase refinement procedure to 
expand the fragment (DIRDIF82) A difference Fourier map showed the presence of one 
tetrahydrofuran molecule per cluster The hydrogen atoms were placed at calculated positions 
(C-H 0 93 Á for the cyclopentadienyl- and 0 96 Á for the methyl-hydrogen atoms 
respectively) and refined in the riding mode using a temperature factor 1 2 times the 
equivalent temperature factor of the adjacent carbon atoms An empirical absorption 
correction based on F0-IFC1 was applied using DIFABS83 on the original unmerged F0 values 
The structure was refined by full-matrix least-squares on F02 values using SHELXL85 with 
anisotropic parameters for the non-hydrogen atoms The refinement converged at R-value of 
0 108 The function minimized was Iw(F02 FL2)2 with w = l/[o2(F02) + (0 0667*FC2)2] At this 
stage of structure determination it was not possible to get a better correspondence between the 
observed and the calculated structure factors We believe that poor quality of the crystal 
caused this poor result 
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Table 13 Crystallographic data for 6 C4HsO 
Empirical formula СгвНзбРедЗбЗігО 
Formula weight 860 51 
Τ 293 
Space group РГ (No 2) 
a (Â) 8 444(4) 
b(Â) Il 917(5) 
с (Λ) 16 495(7) 
α Ο 85 70(4) 
β (°) 87 65(6) 
γ Ο 84 95(6)° 
V(À') 1648(1) 
Ζ 2 
D
cil,c (g/cm3) 1 734 
radiation ΜοΚα 
ц(МоКа)(ст ' ) 2189 
R a 0 108 
wR2
a
 0 270 
GooF" 1 246 
a
 definitions are as those for compound 3, Chapter 2 
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CHAPTER 4 
Alkylation Reactions of Cyclopentadienyl Iron-Sulfur 
Clusters3 
4.1 Introduction 
It is known that the electron rich disulfido ligands in Cp4Fe4Sö (Cp = T^-CsHs, 9) bind the 
Lewis acids sulfur dioxide and Mo(CO)4, yielding the adducts 9.2S02' and 9.Mo(CO)4M 
respectively. Reaction of 9 with Ag+ has been reported to result in formation of the 
paramagnetic trication [(9)2Ag]3+, in which the silver atom is tetrahedrally coordinated by 
four sulfur atoms of each disulfido fragment and both cluster cores are one-electron 
oxidized1'5. 
Furthermore, alkylation of chalcogenido ligands by alkylating agents such as organic halides 
or triflales has been observed for many metal complexes6"17, and a large amount of 
cyclopentadienyl metal sulfur clusters with both sulfido groups and alkylthiolato ligands have 
been reported "26. We started to investigate and explore the reactivity of the disulfido 
fragments in Fe4Sn cluster compounds towards organic electrophiles. 
' Pari of this Chapter has been published van den Berg, W, van der Linden, J G M ; van Riessen, B.A ; de 
Bruin, В , Bosman, W Ρ , Smits, J.M M , Beurskens, Ρ Τ , Inorg Chem 1993, 32, 3637-3639 
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4.2 Syntheses 
When a solution of Cp4Fe4S6 (Cp = η5-05Η,, 9, Cp = T|5-C5H4Me, 10) in CH2C12 was allowed 
to stand for 3 days, the black compounds [Cp^SeCCl^KFeCl,,) (Cp = Л5-С5Н5, ll(FeCl4), 
Cp = ті5-С5Н4Ме, 12(FeCl4)) precipitated (Scheme 1) The yield is low (20%) The 
paramagnetic FeCl4
2
 -ion is easily substituted by PFÔ through reaction with excess KPFU in 
aqueous solutions Recrystallization of 12(FeCl4) from DMF gave black crystals suitable for 
X-ray structure determination (vide infra) Similarly, 9 and 10 react with CH2I2 in chloroform 
to give [Cp4Fe4S6(CH2)](I)2 11(I)2 and 12(I)2 respectively, in high yield (Scheme 1) The I 
ion can be substituted by the PFe ion The reactions with CH2CI2 and CH2I2 involve 
substitution of CI or Г by the ri2-sulfur atoms of the disulfido groups in 9 and 10 The 
formation of FeCl4
2
 invokes total degradation of part of the cluster molecules This could 
have been brought about by CI or by chlorine radical stemming from the dichloromethane, 
since the dichloromethane used did not contain a radical inhibitor 
H /H 
4° Π * -
^
S< \ Cp > " S V S \ Cp 
c P ^ F e > V > 4 Fe c P ^ F / i - > 4 s > e \ // "-*.. \ /7 
_ 1 Fe / S „ r e u 1 m » Fe / S 
C p S — — F e orCH2l2 C p s - ^ F e 
Cp VCp 
9 (Ср =
 Л
5
- С 5 Н 5 ) 1 1 2 + (Ср=л 5 -С 5 Н 5 ) 
10 (Cp = i i 5 -C 5 H 4 Me) 1 2 2 + (Cp =л5-С5Н4Ме) 
Scheme 1 
Compound 9 also reacts with CH3I in chloroform solution (Scheme 2) This alkylation 
reaction proceeds quite fast and after a few minutes the monomethyl product 
[Cp4Fe4S6(CH,)](I) 13(1) is formed [Cp4Fe4S6(CH1)](PF6) 13(PF6) was obtained by anion-
exchange Attachment of a second alkyl group is a much slower process than attachment of 
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the first, most likely because of the positive charge on 13+. Formation of 
[Cp4Fe4S6(CHi)2](I)2 14(І)г requires 48 hours of stirring compound 9 in pure Mel (Scheme 
2). After anion exchange with KPF6 14(PF6)2 is obtained. Subsequent recrystallization from 
acetone/hexane yields large shiny-black airstable crystals, suitable for structure determination. 
CH, ~ > н з < \ C H , ~ | 2 + 
/ \ / 
-
 a
 • 
C P - F e - S 
C p s ^ 
9 
Scheme 2 
У 
• Fe 
ν 
Cp 
\ / / x s C H 3 ' \ / / 
-~ cXn- h — * cp\- A 
•Fe — S^F» 
VCp Cp 
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Cp4Fe4Se can also be alkylated by geminai dihalides, other than CH2X2· The reactions of 9 
with СН3СШ2 and C6H5CHI2 in chloroform yield the complexes [Cp4Fe4S6(CHCH3)](D2 
15(I)2 and [Cp4Fe4S6(CHC6H5)](D2 16(I)2 respectively (Scheme 3). Unfortunately, additional 
formation of [Cp4Fe4S5]n+ reduces in both cases the yield considerably and hampers 
purification. Anion exchange of the dialkylated complexes yields 15(РРб)г and 16(PFe)2 (the 
latter being contaminated with [Cp4Fe4Ss](PF6)2). 
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Analogous to the mono-methylalion reaction with CH3I described above, mono-alkylation of 
9 with CH3CH2I and СбН5СН2Вг in CHCI3, gives the canonie complexes 
FCp4Fe4S6(CH2CH3)]+ 17+ and [Cp4Fe4S6(CH2C6H,)]+ 18+ in good yield (Scheme 4) All the 
above mentioned mono-alkylated complexes 13+, 17+ and 18+ are not very stable In solution 
they decompose, to Cp4Fe4S<¡2+ The PF6 salt of 18+ could be prepared, but not the PF6 salt of 
17+ 
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We think that RS is formed during this decomposition of [Cp4Fe4S6R]+ (R = СНз, CH3CH2, 
СбН-іСНг, Scheme 5), but we have not attempted to verify the presence of thiolate anions in 
the decomposition products The loss of RS from the alkylated disulfido groups in 
[Cp4Fe4S6R]+ would parallel the loss of sulfur from the disulfido groups in the neutral 
Cp4Fe4S6 As a result of this instability, the mono-alkylated complexes could not be purified 
by means of crystallization They have nevertheless been fully characterized by means of H 
NMR, FAB MS and cyclic voltammetry 
Cp 4 Fe 4 S 6 + R
+
 • Cp4Fe4S6R
+
 • Cp4Fe4S^
2 +
 + RS 
Scheme 5 
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In order to avoid the instability of the mono-alkylated clusters and the observed side reactions 
with geminai dihalides, some alkylation reactions were carried out using the cluster 
(Me2SiCp'2)2Fe4S6 6, which is stable towards loss of sulfur (see also Chapter 3). Reactions of 
6 with CH2CI2 and with CH2I2, CH3CHI2 and C6HSCHI2 in chloroform yielded the alkylated 
compounds [(Me2SiCp'2)2Fe4S6(CH2)]2+ 192+, [(Me2SiCp,2)2Fe4S6(CHCH3)]2+ 202+ and 
[(Me2SiCp'2)2Fe4S6(CHC6H5)]2+ 212+, respectively (Scheme 6). 
Π
2 + 
Scheme 6 
The reaction of 6 with CH2CI2 is slow, as was the reaction between 9 or 10 and CH2CI2. 
When 6 was allowed to stand in CH2CI2, the methylene derivative 192+ was detected by CV 
after a couple of days (for detailed electrochemical behavior of alkylated clusters see Section 
4.6). After one week approximately 50% of 6 was converted to 192+. Surprisingly, redox 
transitions due to FeCl4
2
 were not observed in the CV. This suggests that СГ ions are present 
as countenons. Reactions with the geminai di-iodides are fast: the reaction usually is 
complete after 3-4 h. For the ions 192+ and 202+ the PFe" salts could be prepared through anion 
88 Chapter 4 
exchange. Due to the insolubility of compound 21(I)2 in H2O, preparation of its PF6"salt was 
not possible. 
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H,C 5 l - ~ - „ l ' Fe / S 
CH3OTos 23+ СР 
^ \ // СНС'3 Х X N Ср 
P s Fev / СН, Н Х . / 
6 Ср Н,С ^ С р , Л Fe / S N r . i '  » : C P S ^ — Fe 
Ср 
CH,l(pure) S ^ — F e ^
 / ^ 
Scheme 7 
Reaction of 6 with MeOTos (Scheme 7) in refluxing chloroform results in the formation of a 
mixture of [(Me2SiCp,2)2Fe4S6(CH1)]+ 23+, [(Me2SiCp'2)2Fe4S6(CH3)2]2+ 242+ and 6 in 
approximately 3:3:1 ratio (estimated by cyclic voltammetry). After anion exchange and 
repeated crystallization only 23(PF6) could be isolated. When compound 6 is stirred in pure 
Mel for 68 h (Scheme 7), the main product found is 242+, according to CV. Trace amounts of 
23+ and 6 are also observed in the unpurified reaction mixture. After anion exchange, pure 
24(PF6)2 is isolated in 66% overall yield. 
Since most of the alkylation reactions described above were performed in chloroform, we also 
studied the reactivity of 9 and 6 towards CHCI3. 9 was dissolved in CHCI3 under nitrogen and 
was allowed to stand for one week, without protection from daylight. After one week, no 
reaction had occurred, according to cyclic voltammetry. Compound 6 was refluxed in pure 
CHCI1 for 20 h and again according to cyclic voltammetry, no reaction had occurred. 
In an attempt to prepare dibenzylated iron-sulfur clusters, 9 was allowed to stand overnight in 
a concentrated solution of benzylbromide in chloroform, with (CtH^NPFô (ТВ AH) added in 
order to prepare a PFÖ salt in situ. The only products identified, however, were [Ср4Ре45^]п+ 
and [Cp4Fe4S4]n+ (n = 1, 2), so cluster degradation and/or oxidation takes place. The same 
reactivity is found when 9 is allowed to stand in pure benzylbromide for 4 h. When CI4 is 
Alkylation Reactions of Cyclopentadienyl Iron-Sulfur Clusters 89 
used as a potential alkylating agent, in an attempt to link two iron-sulfur clusters to one 
carbon atom, again only degradation and/or oxidation is found. An attempt to silylate the 
disulfido groups of 9 also proved unsuccessful; reaction of 9 with СЬЗіМег ultimately yields 
9+ and [Cp4Fe4S5]+. 
With the stable Fe4Se cluster 6 the reaction with benzylbromide takes a somewhat different 
course. When 6 was reacted with an excess of benzylbromide in toluene and a sample taken 
and transferred to the electrochemical cell a pattern, characteristic for mono-alkylated clusters 
was observed in the cyclic voltammogram. It was therefore concluded that the 
monobenzylated compound [(Me2SiCp'2)2Fe4S6(CH2C6H5)]+ 22+ was formed (Scheme 8). 
si 
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Scheme 8 
Upon heating the reaction mixture to 110°C we did not obtain a dibenzylated compound nor 
22+ nor any other identifiable cluster. The only products identified afterwards were ortho- and 
para-benzyltoluene (identified by their EI mass spectrum and Ή NMR spectrum). From the 
reaction mixture fumes evolved, which turned wet litmus paper red. It is concluded that the 
benzylbromide had attacked the solvent to give benzylated toluene and HBr (Scheme 9). 
Since under normal conditions benzylbromide doesn't react with toluene, the iron-sulfur 
cluster 6 or its derived products must have mediated the reaction. 
CT"· er с н з cluster? • 
2 : 1 
Scheme 9 
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Ideally this benzylation of toluene would be catalyzed by 6 But since neither compound 6 nor 
compound 22* could be detected in the final reaction mixture, other reactions must have 
taken place 
When instead of alkyl halides, acid chlorides were employed, no acylated cluster compounds 
were found In this case only the stable cluster 6 was used, because of the expected instability 
of 9 or 10 and possible reaction products derived thereof The acid chlorides used were 
C6H5C(0)C1, C6H5C(0)C1/A1C13, p-Cl-C6H4C(0)Cl, C(0)C12 and CH1C(0)C1 The reactions 
were followed by means of CV No reactivity other than oxidation of 6 to 6+ was observed in 
any case Only upon addition of acetyl chloride to 6 did the CV pattern change three new 
reversible redox transitions became visible at -1 18, -0 49 and -0 09 V vs Fc0/+ After 
removal of the solvent and excess acetyl chloride a FAB MS was recorded of the reaction 
"product" This gave no indication of an acetylated species Upon recrystallization only 6 was 
recovered The interaction observed in the CV is therefore presumably of weakly bound 
Lewis acid/base character Since upon treatment of 6 with acid chloride oxidation to 6+ is 
found most of the times, it appears that the acid chloride act as electron acceptor This would 
result in formation of the acyl radical These radicals may combine to give vicinal 
(di)ketones, as is reported for other systems27 28 We have not attempted to isolate and identify 
any organic products formed 
Reactions of inorganic polysulfides with acid chlorides have been reported to be accompanied 
by rupture of a sulfur-sulfur bond29 In the reactions of 6 with acid chlorides the cluster core 
seems to remain intact, and only one-electron oxidation of the cluster takes place 
4.3 Molecular structures determination 
The structures of 12(FeCl4) and 14(PFe)2 were determined by X-ray diffraction30 Selected 
interatomic distances and bond angles are given in Table 1 and Table 2 Crystal data are given 
in Table 6 and Table 7 
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Figure 1: a) X-ray structure of [(МеСр')4Ре436(СН2)12+ (122*) Hydrogen atoms omitted for clarity. Thermal 
ellipsoids are at 50% probability b) Cluster core of 12 * 
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Figure 2: a) X-ray structure of lCp4Fe4Sfj(CHì)2Ì2* (142+). Hydrogen atoms omitted far clarity Thermal 
ellipsoids are at 509c probability b) Side view of cluster core of 14 * 
The structure of 12(FeCLi) (Figure 1) shows that the iron-sulfur core of the parent cluster is 
completely preserved, and that aCF^-group is linked to the η'-sulfur atom of each of the two 
disulfido groups. In this way a completely new ligand, S-S-CH2-S-S, is formed, which is 
bound to the four iron atoms in а Цз-Цз mode. The terminal sulfur atoms of this ligand 
coordinate to two and the СНг-bound sulfur atoms to one iron atom. Compared to the parent 
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compound 9 the coordination number of the iron atoms has not changed The two S-S bond 
lengths in the S-S-CH2-S-S- hgand are both 2 19 À which is elongated relative to the 
corresponding S-S bond lengths in 9 (2 04 Â) and clearly beyond the range 1 98 À to 2 07 Â 
normally found for the S-S bond length in disulfido ligands 3 3132 
The carbon-sulfur distances, 1 796 À and 1 812 À and the letrahedral S-C-S angle, 108 6° are 
in the ranges normally found for these bonds33 The 12 Fe-S distances show values similar to 
those found in analogous neutral, mono-cationic and di-cationic iron-sulfur clusters '3 2 
Eight of the twelve Fe-S bond lengths are close to 2 19 Â The iron atoms Fe(2) and Fe(4) are 
each involved in one shorter and one longer Fe-S distance from Fe to the S-S-CH2-S-S 
hgand (Fe(2)-S(3), Fe(4)-S(4) 2 14 Â) and to one of the mono-sulfido ligands in the bottom 
plane (Fe(2)-S(2), Fe(4)-S(6) 2 24 À) respectively 
Evidence for the presence of Fe(IJ) in the FeCI^2 countenon to 122+ comes from the Fe-Cl 
distances3"35 (average 2 31 Â) and the observed infrared stretching frequency at ν = 286 cm ' 
36 37 
In 14(PFÔ)2 (Figure 2) the methyl groups are attached to the η'-sulfur atoms of the disulfido 
groups, forming two CH3-S-S groups which each are bonded to three iron atoms The S-S 
distances (2 14 Â) are elongated compared to the starting material 9 (2 04 À), but shorter than 
the S-S distances in 12 + (2 19 A) As can be seen in Table 1 and 
Table 2, the other distances and angles in the structure of 142+ are very close to those of 122+ 
The most prominent difference between 12(FeCl4) and 14(PF6>2 is the position of the alkyl 
groups and the distance between the alkylated sulfur atoms In 14(PFÔ)2 the methyl groups are 
pointing outwards and the non-bonding distance between the two alkylated sulfur atoms is 
now 3 19 A compared with 2 93 A in the methylene bridged complex 12(РеСЦ) The former 
distance is still significantly shorter than the distance of 3 40 Â in the non-alkylated complex 
9 The shortening of this S(l)-S(5) distance is the obvious result of the methylene bridge in 
compound 12(FeCl4) Upon addition of а СНг2+ moiety the sulfur atoms are drawn together to 
provide optimal coordination around the bridging carbon atom 
We think that the shortening of the S(l)-S(5) distance in the dimethyl compound 14(PF6)2 
results from a reduced repulsive interaction between the inner lone pairs compared to 
compound 9 (see Figure 3) 
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Table 1 : Selected interatomic distances (À) for 12(FeCI4) and 14(PF6)2 
Fe(l) - Fe(2) 
Fe(l)-Fe(3) 
Fe(l)-S(3) 
Fe(l)-S(6) 
Fe(l)-S(5) 
Fe(2) - S(3) 
Fe(2) - S(6) 
Fe(2) - S(2) 
S( l ) -S(3) 
S( l ) -C(9) a 
Fe(l)-C(av.)b 
Fe(2) - C(av.) 
Fe ( l ) -Cp 
Fe(2) - Cp 
Fe(5)-Cl(l) 
Fe(5) - Cl(3) 
12(FeCl4) 
2.650(2) 
4.318(2) 
2.197(2) 
2.203(2) 
2.201(3) 
2.138(2) 
2 203(2) 
2.242(3) 
2.193(3) 
1.796(8) 
2.12(1) 
2.12(1) 
1.754(1) 
1.750(2) 
2.320(3) 
2.332(2) 
14(PF6)2 
2.664(2) 
4.351(3) 
2.187(3) 
2 222(3) 
2.225(3) 
2 157(3) 
2.207(3) 
2 250(3) 
2.135(4) 
1.766(13) 
2.100(14) 
2.129(12) 
1.735(2) 
1 759(2) 
/ 
/ 
a
 C(9) for 12(FeCl4), C(91) and C(92) for 14(PF6)2 b 
Fe(3) - Fe(4) 
Fe(2) - Fe(4) 
Fe(3) - S(4) 
Fe(3) - S(2) 
Fe(3)-S(l) 
Fe(4) - S(4) 
Fe(4) - S(2) 
Fe(4) - S(6) 
S(4) - S(5) 
S(5) - C(9)a 
Fe(3) - C(av.) 
Fe(4) - C(av.) 
Fe(3) - Cp 
Fe(4) - Cp 
Fe(5) - Cl(2) 
Fe(5) - Cl(4) 
Largest value of esd's 
12(FeCl4) 
2.643(2) 
3.406(2) 
2.189(2) 
2.201(3) 
2.196(2) 
2.134(3) 
2.204(3) 
2.239(3) 
2 186(3) 
1 812(7) 
2.11(1) 
2 13(1) 
1.746(2) 
1.749(2) 
2 290(3) 
2.294(3) 
given in parentheses 
14(PF6)2 
2.652(2) 
3.378(3) 
2.184(3) 
2.209(3) 
2.233(3) 
2.150(3) 
2.201(3) 
2.262(3) 
2.146(4) 
1.773(14) 
2.123(13) 
2.110(14) 
1.753(2) 
1.750(2) 
/ 
/ 
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Table 2: Selected angles (°) for 12(FeCU) and 14(PF6)2 
Fe(3)-S(l)-S(3) 
Fe(3)-S(l)-C(9)a 
S(3)-S(l)-C(9)a 
S(l)-C(9)a-S(5) 
Cp(l)-Cp(2)b 
12(FeCl4) 
1124(1) 
104 8(3) 
94 5(3) 
108 6(4) 
96 8(3) 
14(PF6)2 
112 06(14) 
108 9(4) 
94 3(5) 
/ 
98 3(4) 
Fe(l)-S(5)-S(4) 
Fe(l)-S(5)-C(9)a 
S(4) - S(5) - C(9)a 
Cp(3) - Cp(4) 
12(FeCl4) 
113 6(1) 
105 5(3) 
93 2(3) 
99 8(4) 
14(PF6)2 
112 43(14) 
108 1(5) 
95 6(6) 
98 4(6) 
a
 C(9) for 12(FeCL(), C(91) and C(92) for 14(PF6)2 Angle between least-squares planes 
The major effect of the CH2-bndge or the two CH3 groups are the lengthening of the S-S 
bonding distances and the shortening of the non-bonding S(l)-S(5) distances A lengthening 
of the S-S distance upon alkylation has also been observed for [Cp*3RuiS2(S2)]+, but in this 
compound one of the sulfido groups is alkylated, rather than the disulfide group When the 
structures of 12(FeCU) and 14(PF6)2 are compared to that of the neutral starting material 9, an 
overall shortening of Fe-S bonds can be observed, especially for 122+ The average Fe-S 
distance is 2 215 À in 9, and 2 200 Â and 2 207 À in 122+ and 142+ respectively This effect is 
most noticeable in the Fe(2)-S(3) and Fe(4)-S(4) distances 2 18 À in 9, and 2 14 À in 122+ 
and 2 15 À in 142+ respectively This shrinking of the cluster core is probably due to the 
increase of positive charge in the cluster core The Fe(2) Fe(4) distance in both 122+ and 14 + 
is 3 4 Ä Calculations and the structure of [(Cp4Fe4Se)2Ag]3+ show that oxidation of the 
cluster core in 9 is accompanied by a shortening of this Fe-Fe distance^ Since the difference 
between the structure of 9 on one hand and those of 122+ and 142+ on the other is negligible 
with respect to the Fe(2)-Fe(4) distance, it is concluded that addition of 2 Me* or 1 СНг2+ 
moieties to the Fe4Sô core results in a different electron distribution in the cluster core when 
compared to the oxidized cluster core This would mean that the alkylation reactions involve 
other orbitals of the clusters than oxidation reactions 
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4.4 FAB MS spectra 
All compounds mentioned above have been identified by their FAB mass spectra, except 
from 22+, since this compound has not been isolated. The mono-alkylated compounds usually 
show the monocation [M+] as the parent peak. Sometimes a mono-alkylated cluster with 
counterion is observed, which means the whole complex is oxidized. The dialkylated species 
usually give the [MPF6]+ as parent ion. For these dialkylated clusters [M+] was sometimes 
found as well. This ion must result from one-electron reduction of the cluste., which is not 
uncommon in FAB MS. For details see Table 3. 
Table 3: FAB mass data for alkylated compounds L = (Me2SiCp'2) 
compound 
11(PF6)2 
12(PF6)2 
14(PF6)2 
15(PF6)2 
m/z (%)" 
835(2 1) 
690 (7.9) 
644 (9.7) 
612(5.9) 
891 (15) 
746(14) 
700(16) 
668(15) 
373 (3) 
851(15) 
706 (8) 
659 (8) 
612(16) 
353 (3) 
849 (26) 
704 (32) 
644 (84) 
612(70) 
352 (48) 
assignment 
[CP4Fe4S6(CH2)(PF6)]+ 
[Cp4Fe4S6(CH2)r 
[Cp4Fe4S5r 
[Cp4Fe4S4r 
[(MeCp)4Fe4S«,(CH2)(PF6)]+ 
[(MeCp)4Fe4S6(CH2)]+ 
[(MeCp)4Fe4S5]+ 
[(MeCp^FeA)* 
[(MeCp)4Fe4S6(CH2)]2+ 
[Cp4Fe4S6(CH1)2(PF6)]+ 
[Cp4Fe4S6(CH3)2]+ 
lCp4Fe4Ss(CH3)r 
[Cp4Fe4S4j* 
[Cp4Fe4S6(CH,)2]2* 
[Cp4Fe4S6(CHCH,)(PF6)]+ 
[Cp4Fe4S6(CHCH3)]+ 
[Cp4Fe4S,]* 
[Cp4Fe4S4l* 
[Cp4Fe4S6(CHCH3))2+ 
compound 
19(PF6)2 
24(PF6)2 
20(PF6)2 
m/z (%)' 
946 (4) 
801(13) 
756 (9) 
724 (9) 
401 (7) 
962(19) 
818(19) 
803(4 4) 
771 (13) 
724 (30) 
961 (15) 
816(55) 
756 (77) 
724 (43) 
409(43) 
assignment 
[L2Fe4S6(CH2)(PF6)]+ 
[L2Fe4S6(CH2)]+ 
[L2Fe4S5]+ 
[L2Fe4S4]+ 
[L2Fe4S6(CH2)]2* 
[L2Fe4S6(CH3)2(PF6)]+-l 
[L2Fe4S6(CH,)2r 
[L2Fe4S6(CH3)]* 
[L2Fe4S,(CH,)l* 
[L2Fe4S4]+ 
[LjFe4S6(CHCH3)(PF6)r 
[L2Fe4S6(CHCH,)]* 
[L2Fc4S,]+ 
(L2Fe4S4]+ 
[L2Fe4S6(CHCH,)]2*+l 
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Table 3 (cont.) 
compound 
16(PF6)2 
13(PF6) 
17(1) 
m/z (%)" 
911 (2) 
789 (7) 
766 (2) 
644 (70) 
612(100) 
836 (24) 
789 (72) 
757 (93) 
691 (74) 
659 (2) 
644 (97) 
612(37) 
705(18) 
676 (4) 
644(14) 
612(23) 
352(14) 
assignment 
[Cp4Fe4S6(CHC6H5)(PF6)]+ 
[Cp4Fe<S5(PF6)r 
[Cp4Fe4S6(CHC6H5)]+ 
[Cp4Fe4S5]+ 
[Cp4Fe4S4]+ 
[Cp4Fe4S6(CH3)(PF6)]+ 
[Cp4Fe4S,(PF6)r 
[Cp4Fe4S4(PF6)]+ 
[Cp4Fe4S,,(CH3)]+ 
[Cp4Fe4S,(CH,)]* 
[Cp4Fe4S.¡f 
[Cp4Fe4S4]+ 
[Cp4Fe4S6(CH2CH3)]+ 
[Cp4Fe4S6]+ 
[Cp„Fe4S,r 
[Cp4Fe4S4]+ 
[Cp4Fe4S6(CH2CH3)]2+ 
compound 
21(1)2 
23(PF6) 
18(Br) 
m/z (%)a 
878 (24) 
756(63) 
724 (20) 
948 (0 9) 
819b(3 5) 
803(48) 
787 (2 6) 
771 (7 5) 
767 (23) 
702 (5) 
644(19) 
612(40) 
assignment 
[L2Fe4S6(CHC6H5)]t 
[L2Fe4S5]+ 
[L2Fe4S4r 
[L2Fe4S6(CH3)(PF6)]* 
[L2Fe4S6(CH3)2f+l 
[L2Fe4S6(CH3)]+ 
[L2Fe4S6r-l 
(L2Fe4S,(CH3)]* 
[Cp4Fe4S6(CH2C6H5)]+ 
[Cp,Fe4S6(CH2C6H5)]t 
[Cp4Fe4S5]+ 
[Cp4Fe4S4]+ 
* Intensity relative to base peak probably due to minor impurity 
4.5 Ή NMR spectra 
All alkylated clusters give rise to clear Ή NMR spectra with sharp signals. The presence of a 
CH2-bridge is shown in the Ή NMR spectrum by single peaks at 5.36 ppm for 11 2 + and at 
5.32 ppm for 122+. For the mono-methyl compound 13(PF6) and the di-methyl compound 
14(PF6)2 the presence of the methyl groups is seen by the single resonance signals at δ = 2.67 
ppm [3H] and at 8 = 2.82 ppm [6H], respectively (Table 4). The equivalence of the methylene 
protons of 11 2 + and 122+ and the protons of the two methyl groups of 142+ indicate that in 
these three compounds a C2-symmetry axis must be present, as in the parent compounds 9 
and 10. The two resonances for the Cp-ring protons in 11 2 + and 142+ are consistent with this 
C2-symmetry. 
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Figure 4: Ή NMR spectrum ofl9(PF6)2 in CD,CN (2 01 ppm) 
at 500 MHz S denotes solvent impurities 
The CsH+Me compound 12(PFe)2 
shows 8 resonances for the C5H4 
protons and 2 resonances with equal 
intensity for the Cp'-methyl protons. 
An analogous pattern of 8 Cp'-H 
resonances and two SiMe2 signals is 
observed for the C2 symmetric, CH2 
alkylated, SiMe2 bridged-Cp iron-
sulfur cluster 192 + (Figure 4). The 16 
Cp-H and 4 SiMe2 signals for the 
CHCH3 bridged 202 + (Figure 5a) and 
the CHPh bridged 21 (Figure 5b) result from Q symmetry. This means that the asymmetry 
of the bridge-head carbon atom is felt throughout the entire iron-sulfur cluster compound. The 
signal of the CH2 bridge in 19
2 +
 is found at 5.41 ppm, close to the value of the CH2-signal of 
the non-bndged-Cp analogue 112 +, viz. 5.36 ppm. For 202+, the C-Η signal is surprisingly 
found at higher ppm value than for the non-bridged-Cp analogue 15 + (6.10 vs. 5.52 ppm). 
The assignment is based on the observed coupling with the CH3 group (J = 6.8 Hz). The C-H 
of 21 2 + is found at even higher value (8.03), as is expected for benzylic protons. Its 
assignment however, is less certain, due to absence of coupling. 
b) 
-CnH5 
>CHPh 
* / .-C5H4 
/ JllLlJUjÜlLLLiiU 
β 7 ft Ì 4 1 2 1 
(ppm) 
Figure 5: Ή NMR spectra of a) 20(PF6)2 in CD3CN (2 01 ppm) and b) 21(l)2 in CD3C(0)CD, (2 20 ppm) at 
500 MHz S denotes (solvent) impurities 
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Generally it can be stated that upon di-alkylation the Cp' protons move on average 0.7 - 0.8 
ppm to lower field, comparable with the shift observed going from 6 to 62+ (see chapter 3). It 
is therefore concluded that the +2 charge is delocalized over the entire cluster. The protons 
attached to the bridgehead carbons experience an electron withdrawing effect comparable to 
the electron withdrawing effect of two chlorine atoms (as in CH2CI2 5.25 ppm) but larger than 
the electron withdrawing effect of two sulfur atoms (cf. (S(CH2)3SCH2 3.79 ppm). 
The Ci symmetry of the mono-alkylated Cp4Fe4S6 clusters 13
+
, 17+, 18+ and 23+ also shows 
up in their Ή NMR spectra, giving rise to four Cp signals for the former three and 15 Cp'-
signals (1 with double intensity) for the latter. The methyl groups of 13+ and 23+ resonate at 
2.67 ppm and 2.71 ppm respectively, which is slightly low field relative to CH1SCH3 (2.11 
ppm) and CHjSSCH-i (2.42), but slightly high field relative to (CH3)3S+I" (2.94 ppm)58. 
Table 4: Ή NMR data for iron-sulfur clusters 
Cluster 
9 b 
10b 
11(PF6)2 
12(PF6)2 
13(PF6) 
14(PF6)2 
15(PF6)2 
16(PF6)2 
17+ 
18+ 
Solvent 
CDCh 
CDC1, 
CD3CN 
CDiCN 
CD3CN 
CD,CN 
CD3CN 
CD3CN 
CDiCN 
CD,CN 
Chemical shifta, ppm 
C5H45 
4.82(10), 4.33(10) 
4.82(2), 4.63(2), 4.59(2), 4.17(2), 
4.01(4), 3.95(2), 3.65(2) 
5 64(10), 5.01(10) 
5.90(2), 5.43(2), 5.09(4), 4.90(2), 
4.54(4), 4.47(2) 
5.31(5), 5.19(5), 4.66(5), 4.60(5) 
5.62(10), 4.93(10) 
5.02 (5), 5.06 (5), 5.63 (5), 5.68 (5) 
not pure enough 
5.23(5), 5.13 (5), 4.59 (5), 4.52 (5) 
5.24 (5), 5.14 (5), 4.57 (5), 4.49 (5) 
Si(CH3)2 
or CpCH-, 
2.20(6) 
1.90(6) 
2.28(6), 
1.85(6) 
S-R' 
5.36(2) 
5.32(2) 
2.67(3) 
2.82(6) 
5.52(1), 
2.1(3) 
?c, 1.65(3) 
4.76,7.52(5) 
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table 4 (coin.) 
Cluster Solvent Chemical shift3, ppm 
6 
19(PF6)2 
20(PF6)2 
21(1)2 
23(PF6) 
24(PF6)2 
CDCh 
CD3CN 
CD3CN 
acetone-d« 
CD3CN 
CD3CN 
6.90 (2), 6.11 (2), 5.98 (2), 5.05 (2), 
4.59 (2), 4.41 (4), 3.71 (2) 
7.80 (2), 6.76 (2), 6.63 (2), 5.95 (2), 
5.52 (2), 4.97 (2), 4.73 (2), 4.66 (2) 
7.79 (1), 7.75 (I), 6.83 (1), 6.75 (1), 
6.73(1), 6.63 (1),5.85(1), 5.76(1), 
5.58(1), 5.36(1), 5.16(1), 5.04(1), 
4.96(1), 4.77 (1),4.67(1), 4.65(1) 
8.27(1),8.19(1),7.35(1),7.13(1), 
7 .09(0,6.37(0,6.11 (0,6.05(1), 
6.03 (1), 5.40 (2), 5.29 (1), 5.16 (1), 
5.03(1),5.02(1),4.69(0 
7.58(1),7.26(1),6.53(1),6.51 (2), 
6.33(0,5.41 (1),5.31 (0,5.10(2), 
5.02(1),4.64(1),4.52(1),4.40(0, 
4.06(0,3.94(1) 
7.69 (2), 7.03 (2), 6.85 (2), 5.38 (2), 
5.32 (2), 5.29 (2), 5.09 (2), 4 17 (2) 
-0.01 (6), 
-0.10(6) 
0.27 (6), 
0.12(6) 
0.28 (3), 
0.25 (3), 
0.18(3), 
0.12(3) 
0.50 (3), 
0 45 (3), 
0.34 (3), 
0.28 (3) 
0.24 (3), 
0 14(3), 
0.02 (6) 
0.21 (6), 
0.14(6) 
' CDCI3 (7 29 ppm) or CD3CN (2 01 ppm) or CD,C(0)CD3 (2 20 ppm), the number of protoni 1 
5.41 (2) 
6.10(1), 
2.11 (3) 
8.03(1), 
7.77-8.00 (5) 
2.71 (3) 
2.88 (6) 
s given between 
parentheses. ь In accordance with literature313e.c Obscured by solvent 
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4.6 Cyclic Voltammetry 
1 200 
0 800 
0 400 
0000 
04O0 
oeoo 
1 2 0 0 
1 6 0 0 
I f 
eooE-oe 
eooE-oe 
4 00E-O6 
2 00E-O6 
i OOOE*W 
2 00E-W 
-4 00E·« 
-βοοε-οβ 
1/0 
0/+1 
+ 1/+2 
0 4 
E(V) 
Electrochemical data are 
presented in 
Table 5 
Upon di-alkylation of the F e ^ 
clusters the redox pattern in 
DMF of the iron-sulfur clusters 
changes dramatically (a typical 
example of a CV of a dialkylated 
cluster is shown in Figure 6, 
together with the CV of 6) In 
general, only one reversible 
oxidation of the dialkylated 
species is found, around +0 3 V, 
and two reversible reductions 
around -0 65 V and -1 V 
respectively The charge of the 
clusters has changed from zero 
Figure 6: Cyclic voltammogram of a) 6 in DMF and b) 19(PF6)2 in to +2 upon dl-alkylation, and 
DMF Potentials v\ Fc/Fc* couple this accounts for the observation 
of only one oxidation and two 
reduction waves, but it does not account for the fact that the redox transitions of the di­
alkylated compounds lie at other potentials than the non-alkylated compounds The dicationic 
dialkylated iron-sulfur cluster compounds show an enhanced redox-stability compared to the 
non-alkylated dicationic cluster compounds, since 92+ and 102+ are only stable on the cyclic 
voltammetnc time scale39, and 62+ has to be handled carefully to avoid reduction (see Chapter 
3) 
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+2/+3 
+1/+2 
Figure 7: Cyclic voltammogram of 23(PFf) in DMF Potentials vs 
Fc/Fc* couple 
The redox behavior of the 
mono-alkylated clusters 
(Figure 7 shows a typical 
example) is intermediate 
between that of the neutral 
starting materials 6, 9 and 10 
on one hand, and the 
dialkylated clusters on the 
other In general they undergo 
two (quasi)reversible 
oxidations and one (quasi)-
reversible reduction The potential of their + 1/+2 transition is rather similar to that of the non-
alkylated complexes (about -0 1 V), whereas the potentials of the +1/0 (about -1 V) and 
+2/+3 (about +0 3 V) transitions are close to those of the dialkylated complexes 
112+ has a redox pattern, analogous to that of 122+ The redox transitions are found at about 
30-70 mV higher potentials Introduction of methyl groups on the Cp-nng more often causes 
a small negative shift in the redox potentials31 In general, upon changing the substituents on 
the ligands coordinated to the iron atoms, a dependence on electron donating or withdrawing 
properties is often found4041 Comparing the alkylated non-bridged Cp clusters with the 
alkylated SiMe2-bndged Cp clusters, only minor changes are found, with the exception of the 
+ 1/0 transition in the dialkylated species which is shifted 150-200 mV in negative direction 
for the SiMe2-bndged complexes Surprisingly, the +1/0 reduction wave has become 
irreversible for the dimethyl substituted complex 242+ Apparently, without a bridging 
alkyhdene group, this dialkylated cluster cannot accommodate the structural change 
accompanying the +1/0 reduction 
For the compounds with FeCU2 as the counter ion an irreversible oxidation wave was found 
at -0 41 V (vs Fc0/+) at the same potential as that observed for (B^N^FeCU n. 
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Table 5: Electrochemical data for iron-sulfur cluster compounds" 
-0.46 
-0.57 
-1.14e 
-1.16e 
-1.11e 
-0.98 
-1.04 
-0.99 
-1.01 
-0.97 
-0.14 
-0.24 
-0.11e 
-0.13e 
-0.09 
-0.65 
-0.70 
-0.68 
-0.64 
-0.64 
0.85d 
0.86d 
0.29e 
r 
0.31e 
0.31 
0.28 
0.24 
0.33 
0.30 
6 
6b 
23+ 
22+ 
192+ 
242 + 
202 + 
21 2 + 
1.17 
1.25d 
1.17 
1.14 
-0.65 
-0.73 
-0.64 
-0.63 
0.34 
0.32 
0.26e 
0.32 
r 
Compounds Redox transitions Compounds Redox transitions 
0/+1 +1/+2 +2/+3 0/+1 +1/+2 +2/+3 
9 b c  -0.46 0.04 
10 b c   -0.45 0.15 0.80d 
13+     -1.17 -0.06 0.40 
17+ 
18+    -1.15 -0.05 0.39 
11 2 + 
122+ 
142+ 
152 + 
162+ 
* In DMF, potentials in Volts vs the Fc/Fc* redox couple. b In CH2C12;
 c
 in agreement with data reported42. d 
Peak potential.c Quasi-reversible transition. ' Obscured by redox transition of I 
Although the influence of alkylation on redox behavior of the clusters is profound, the nature 
of the alkyl group does not have much influence on the redox potentials. For instance, 
comparing 11 2 +, 15 2 + and 162+, i.e. varying the bridging carbon substituents between H,H, 
Н,СНз and Н,СНгРЬ, differences in redox potentials are found to be almost within 
experimental error. Comparing the dimethyl compounds 142+ and 242 + with their related 
methylene compounds 11 2 + and 192+, they differ a little in +1/+2 reduction potential (30 mV 
and 80 mV respectively) and a somewhat larger effect is found in the +2/+3 oxidation 
potential (70 mV and 80 mV respectively), but these effects may as well be caused by 
differences in rearrangement energies of the cluster, rather than by electronic effects of the 
alkyl substituent. The differences observed are small when compared to dinuclear 
molybdenum-sulfur clusters. On going from Cp2Mo2(SCH3)2(SCH2S) to СргМо2(5СНз)4 
shifts of 100-200 mV have been reported11. 
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4.7 Conclusions 
The Fe4$6 clusters 9, 10 and 6 can be easily alkylated by organic monohalides and geminai 
dihalides. In contrast to these feasible alkylation reactions, no reaction takes place between 
the clusters and the organic trihahde chloroform. This stability towards CHCI3 was previously 
reported for other sulfido complexes14. Monohalides rapidly give a mono-alkylated product in 
high yield. To achieve di-alkylation of the Fe4Ss cluster compounds either geminai dihalides 
or forcing conditions (pure Mel) are required. Using geminai dihalides no intermediate mono-
alkylated species are observed. It is therefore concluded that after substitution of the first 
halide by one of the sulfur atoms, the second alkylation step proceeds fast, presumably due to 
the close proximity of the reaction centers. The alkylation reactions can be regarded as simple 
nucleophilic substitution reactions at the electrophihc carbon atom. Whether this reaction 
follows an SNI or an SN2 mechanism cannot be concluded from the presently available data. 
For the primary alkyl halides, the SN 2 mechanism seems likely. The result is an alkylation of a 
η'-sulfur atom, similar to (di)thioether alkylation. Alkyl iodides give better results (higher 
yields, faster reactions) than alkyl chlorides, because iodide is a better "leaving group". As in 
(di)thioethers, the sulfido groups of the clusters can not be acylated Some reactions between 
organometallic polychalcogenides and acid chlorides have been reported , but in those 
cases, rupture of the polychalcogenide group is found upon acylation. 
In a number of cases the attempted alkylation reaction resulted in oxidation of the cluster 
(and products thereof) as a side or even the main reaction route. This is not surprising if we 
realize that iron-sulfur clusters can be easily oxidized and some organic electrophiles are 
strong enough oxidizing agents to accept electrons, rather than an incoming nucleophile. The 
resulting oxidized cluster is not nucleophilic enough to attack an organic halide. 
Reaction of 9 and 10 (but not 6) with CH2CI2 produces not only the alkylated cluster 
compound, but FeCU2" as well. The formation of tetrah al of errate from organoiron complexes 
is not without precedence (see also Chapter 3) and can be brought about by halide or halogen 
radical45. 
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The (double) alkylation of 9 proves to have little influence on the overall structure of the 
compound. The cluster core is preserved and no bonds are broken. The η 1 sulfur atoms are 
very flexible and seem to be able to move in order to minimize repulsion between their lone 
pairs. The +2 charge, resulting from the di-alkylation causes a shortening of most Fe-S bonds. 
Compound 6 gives better results (less decomposition) in the alkylation reactions than 
compound 9. The latter gives sometimes rise to sulfur loss products (Cp4Fe4S5n+, Cp4Fe4S4n+). 
In particular the mono-alkylated derivatives of 9 are less stable than the mono-methyl 
compound 23+. Furthermore the reactions with the geminai di-iodides CH3CHI2 and 
C6HSCHI2 seem to be cleaner for 6 than for 9. This has not been investigated in detail. The 
reaction of 6 with CH2CI2 to 192+ seems to be clean, without concomitant degradation of part 
of the cluster molecules to FeCl4
2
". Finally, the fact that 6 can be heated without giving 
decomposition products makes more forcing reaction conditions possible, as is seen in the 
synthesis of 23+. 
As was mentioned in Chapter 3, it seems that compound 8 can be alkylated as well, but this 
was not investigated any further. 
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4.8 Experimental Section 
General Methods 
All manipulations were carried out under purified dinitrogen atmosphere, using standard 
Schlenk techniques, unless indicated otherwise CHCb was purified in the same way as 
described for CH2CI2 (Chapter 2) Compounds 91 and 1031 were prepared as described 
elsewhere Methyhodide and ethyliodide were distilled from sodium metal and kept cold, 
dark and on copper turnings Benzylbromide was distilled under reduced pressure All acid 
chlorides were purified according to literature methods46 and purged with dinitrogen prior to 
use, either during distillation or by three successive freeze-pump-thaw cycles 1,1-
Dnodoethane was synthesized via a halide exchange reaction described in literature47 α,α-
Di-iodotoluene is an unstable compound and has to be prepared shortly before use Many 
methods are given in literature48,0, but most of them were found to give unwanted side 
reactions In our experience, the best preparation method turned out to be the FeCh catalyzed 
Finkelstein reaction of C6H5CHCI2 and Nal51 For additional experimental details, see 
Chapters 2 and 3 
Syntheses 
[Cp4Fe4S6(CH2)](FeCl4) (ll(FeCU)) 250 mg of 9 (0 37 mmol) was dissolved in 
dichloromethane After the solution was left under nitrogen for 3 days a black precipitate was 
formed This was filtered, washed with CH2CI2 and recrystallized from DMF Yield 60 mg 
(0 068 mmol, 18%) Anal Caled (Found) for ll(FeCl„) С 28 41 (28 57), Η 2 50 (2 66), S 
21.67(21 59) 
[(MeCp)4Fe4S6(CH2)](FeCL() (12(FeCI4)) This compound was prepared analogous to 
ll(FeCl4), starting from 250 mg of 10 Yield ±20% Anal Caled (Found) for 12(FeCl4) С 
31 81 (31 57), H 3 20 (3 23), S 20 38 (21 02) 
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ll(PFe)2 and 12(PF6)2 ll(FeCl4) or 12(FeCl4) was slumed in water in air to which an excess 
of KPFô was added The mixture was stirred thoroughly for some minutes, filtered and the 
precipitate was washed successively with small amounts of water, ethanol, and diethyl ether, 
and dried in air Recrystallization occurred from acetone-hexane mixtures Anal Caled 
(Found) for 12(PF6)2 С 28 99 (27 96), H 2 92 (2 85), S 18 57 (18 11) 
[Cp<Fe4S6(CH2)](PF6)2 (H(PF6)2) 250 mg of 9 (0 37 mmol) was dissolved in 50 ml of 
chloroform and 2 ml of СН2І2 (25 mmol) and 1 g of TBAH (2 6 mmol) were added The 
mixture was stirred for 4 h after which diethylether was added The resulting precipitate was 
filtered off Despite the presence of a large excess of PF6 the product proved to be mainly 
11 (I)2 Yield 300 mg (0 32 mmol, 84%) Transformation into the PF6 salt by dissolving the 
product in water in air, filtering off any insoluble material, addition of KPFe(aq), collecting of 
the resulting precipitate on a glass frit, washing with water, chloroform, small amounts of 
ethanol and finally diethylether and recrystallization from acetone/hexane did yield 11(PFÔ)2 
Anal Caled (Found) for 11(PF6)2 С 25 74 (25 39), H 2 26 (2 32), S 19 63 (19 25) 
[Cp4Fe4S6(CH3)](PF6) (13(PF6)) 244 mg (0 36 mmol) of 9 was dissolved in 50 ml of CHCI3 
in air and an excess of Mel (1 ml, 16 mmol) was added After 10 minutes diethylether was 
added to the solution and a brown-black precipitate was formed This was filtered, washed 
with CHCI3 and diethylether, yielding 290 mg of 13(1) (0 35 mmol, 97%) Anion exchange of 
100 mg of 13(1) (0 12 mmol) using the method described above yielded 23 mg 13(PF6) (0 028 
mmol, 23%) The yield is low due to the poor solubility of 13(1) in water Anal Caled 
(Found) for 13(PF6) С 30 17 (29 91), H 2 77 (2 78), S 23 01 (19 58) 
[Cp4Fe4Sé(CH3)2](PF6)2 (14(PF6)2) 250 mg of 9 (0 37 mmol) was stirred in 5 ml of methyl 
iodide After 48 hours the reaction was completed The black precipitate was filtered and 
washed with chloroform (yield 14(I)2 90%) The product was taken up in water (not longer 
under nitrogen atmosphere), the solution filtered, and to the filtrate an excess of KPFe 
dissolved in water was added The formed precipitate was filtered, washed with water, small 
portions of ethanol and diethyl ether Recrystallization was done using acetone-hexane 
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mixtures. Yield 200 mg (0.20 mmol, 54%). Anal. Caled. (Found) for 14(PF6)2.(CH3)2CO: С 
28.48 (28.40); H 3.06 (2.97); S 18 25 (18.64). 
[Cp4Fe4S6(CHCH3)](PF6)2 (15(PF6)2). 160 mg of 9 (0.24 mmol) was dissolved in 250 ml of 
chloroform and the mixture was cooled to 0°C. 970 mg of CH3CHI2 (3.44 mmol) was added 
via a syringe and the mixture was stirred for 3 h, while kept in the dark. The resulting 
precipitate (Cp4Fe4Ss(I)2) was filtered off and the filtrate was dried in vacuo. This was anion 
exchanged with KPFe following the method mentioned above to give 15(PF6)2. Yield not 
determined 
[Cp4Fe4S6(CHCeHs)](PF<i)j (16(PF6)2) 670 mg of 9 (1.0 mmol) was dissolved in 500 ml of 
chloroform and cooled to 0°C An excess of CfiHsCHh (± lg, 3 mmol) was added and the 
mixture was stirred for 3.5 h while kept dark The resulting precipitate was filtered off and 
approximately 500 ml of diethylether was added to the filtrate. The resulting precipitate was 
Filtered off again, and the filtrate dried in vacuo According to CV all fractions consisted 
primarily of CpíFeíSs2*, but the first precipitate and the last filtrate contained also some 
dialkylated product. Upon anion exchange only the first precipitate contained some 16(PF6)2, 
although it was still heavily contaminated with Cpí|Fe4S'¡2+ Crystallization from 
acetone/hexane only yielded Cp4Fe4S5(PF6)2 
[Cp4Fe4S6(CH2CH3)KI) (17(1)). 292 mg of 9 (0.43 mmol) was dissolved in 50 ml of 
chloroform in air, and 2 ml of ethyhodide was added After stirring for 30 min. diethylether 
was added and the resulting precipitate was filtered off. Yield 327 mg (0.39 mmol, 90%). 
[Cp4Fe4S6(CH2C6H5)](PF6) (18(PF6)) 261 mg of 9 (0.39 mmol) was dissolved in 50 ml of 
chloroform in air, 2 ml of benzylbromide (17 mmol) was added and the mixture was stirred 
for 10 mm. After addition of diethylether a precipitate was formed, which was filtered off and 
washed with diethylether, to give 294 mg of 18(Br) (0.35 mmol, 90%). Transformation into 
the PF6 salt gave 18(PF6) in only 30%, due to the low solubility of the bromide in water 
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[(Me2SiCp'2)2Fe4S6(CH2)](PF6)2 (19(PF6)2) Method A 500 mg of 6 (0 63 mmol) was 
brought in 50 ml of CH2CI2 and sonicated for 5 h The solvent was subsequently removed in 
vacuo The resulting solid was slurried in water and any insoluble material was filtered off 
Addition of KPFe in water resulted in the precipitation of 19(PFe)2, which was filtered off, 
washed with water and dried in vacuo Yield not determined 
19(PF6)2 Method В 65 mg of 6 (0 082 mmol) was dissolved in 100 ml of chloroform A 
large excess of CH 2I 2 (± 1 ml, ± 12 mmol) was added through a syringe The reaction mixture 
was stirred and kept in the dark for 3 5 h Approximately 250 ml of diethylether was added 
and the resulting precipitate filtered off and the filtrate dried in vacuo Both fraction were 
shown to consist of 19(I)2 and they were both transformed in their PFe salts Yield nearly 
quantitative 
[(M.e2SiCp'2)2Fe4S4(CHCH3)](PF t)2 (20(PF6)2) 40 mg of 6 (0 05 mmol) was dissolved in 
100 ml of chloroform A large excess of C H Ì C H ^ was added through a syringe, and the 
reaction mixture was stirred for 3 5 h while kept in the dark Then the resulting precipitate 
was filtered off and the filtrate dried in vacuo Both fractions were transformed into their PFe 
salts The compound obtained from the filtrate proved to be 20(РРб)г, according to NMR, CV 
and FAB MS The compound obtained from the precipitate gave a cyclic voltammogram 
characteristic of a dialkylated cluster, but its Ή NMR was not consistent with 20(PFô)2 
[(Ме281Ср'2)2Ре<8б(СНС6Н5)](1)2 (21(I)2) 50 mg of 6 (0 063 mmol) was dissolved in 100 
ml of chloroform A freshly prepared solution of C6H5CHI2 in CS2 was added through a 
syringe The mixture was stirred for 4 5 h while kept in the dark The resulting precipitate was 
filtered off and the filtrate dried in vacuo The solid obtained from the filtrate was washed 
with diethylether and crystallized from acetonitnle No anion exchange was performed due to 
the insolubility of 21(1)2 in water Yield not determined 
Formation of [(Me2SiCp,2)2Fe4S6(CH2C6H5)]+ (22+) To a solution of 65 mg of 6 (0 08 
mmol) in 100 ml of toluene 2 ml of benzylbromide (18 mmol) was added After stirring for 
two h, a sample was taken and studied by means of CV According to this method, 22+ was 
по 
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formed quantitatively Then the mixture was refluxed for 22 h and another sample was taken, 
which still contained only the monobenzylated species After another 70 h of reflux, the 
reaction mixture was cooled and the resulting precipitate was filtered off and the filtrate dried 
m vacuo A light yellow oil was obtained, which proved to be a mixture of o- and p-benzyl-
toluene Ή NMR (CDCI3) δ 7 31-7 19 [mp, Qsttts-, 9H], 4 07, 4 03 [2x s, -CH2-, 2H], 
2 41, 2 34 [2x s, -CH3, 3H] EI MS 182 (M\ 62%), 167 ([M - Ol·,]*, 100%), 91 
([C6H5CH2]+,21%) 
[(Me2SiCp'2)2Fe4S6(CH3)](PF6) (23(PF6)) 140 mg of 6 (0 18 mmol) was dissolved in 100 
ml of CHCI3 and 0 82 g of CH3OT0S (4 4 mmol) was added This mixture was refluxed for 
29 h Fumes evolved which turned wet lithmus paper red The solvent was subsequently 
removed in vacuo The resulting brown residue was washed with diethylether in air to remove 
unreacted CH3OT0S and was anion exchanged to its PF6 salt Recrystallization from 
acetonitnle/di-isopropylether yielded a mixture of 23(PF6) and 24(PFG)2, according to CV 
After further recrystallization from acetonitnle/di-isopropylether the filtrate was collected, the 
solvent removed and the resulting black solid was recrystalhzed from acetone/hexane, to give 
95% pure 23(PF6) Yield not determined 
[(Me2SiCp'2)2Fe4S6(CH3)2](PF6)2 (24(PF6)2) 80 mg of 6 (0 1 mmol) was added to 3 ml of 
Mel and the mixture was stirred for 68 h at room temperature Diethylether was added, and 
the resulting precipitate was filtered off and subsequently transformed into the PF6 salt Yield 
74 5 mg 24(PF6)2 (0 067 mmol, 66%) 
Attempted acylation of 6 50-90 mg of 6 was dissolved in approximately 100 ml of СНСІз 
or THF (acetyl chloride, benzoic chloride/AICI3) and a large excess (3-500 fold) of the acid 
chloride was added through a syringe or bubbled through the solution (C(0)C12) The reaction 
mixtures were stirred for one or more days and sometimes (benzoic chloride, p-chloro 
benzoic chloride) refluxed for two days No change was observed in the IR spectra The 
reactions were followed by means of CV, which indicated that only with СНзС(0)С1 a new 
compound was formed After work up only 6 or 6+ was found in the CV 
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Structure Determination 
[(MeCp)4Fe4S t(CH2)](FeCl,) (12(FeCl„)) Black crystals were grown from a DMF solution 
A crystal of dimension 0 23 χ 0 20 χ 0 32 mm was selected The unit cell dimensions were 
determined from 25 reflections with 20°<2Θ<24° Intensity data were collected from 18484 
reflections (complete sphere up to θ = 23°) The structure was determined using vector search 
methods (ORIENT52) on a Fe-Fe vector of 2 7 Á as model, automatically followed by 
positioning (TRACOR53) and further expansion of the structure (DIRDIF54) Least squares 
refinement in two blocks (SHELX55) converged to R = 0 047 (Rw = 0 048) for 392 variables 
and 5859 reflections with F0>6 0o(Fo) Atomic coordinates, bond lengths and angles, and 
thermal parameters have been deposited at the Cambridge Crystallographic Data Center 
Table 6 Crystallographic Data for 12(FeCl4) 
Empirical formula 
Formula weight 
a (A) 
b(A) 
с (A) 
ß(°) 
ν, A1 
ζ 
space group 
Τ (К) 
λ(ΜοΚα), А 
Dcaic (g/cm1) 
μ(ΜοΚα) (cm ') 
Сг5НзоСІ4ре55б 
943 9 
15 847(2) 
13 050(2) 
16 395(2) 
107 15(3) 
3166 1 
4 
Cc (no 9) 
293 
0 71073 
179 
29 82 
* definitions are as those for compound 5, Chapter 3 
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[Cp4Fe4S6(CH3)2](PF6)2.(CH3)2CO (14(PF6)2 (CH3)2CO) A black crystal of dimension 0 09 
χ 0 10 χ 0 19 mm was mounted on a glass fiber The unit cell dimensions were determined 
from the setting angles of 25 reflections in the range 20° < 2Θ < 25° Crystal data are given in 
Table 7 Intensity data were collected from 8413 reflections (7606 independent) The position 
of the non-hydrogen atoms were found from an automatic orientation and translation search 
(ORIENT52, TRACOR51) with a Fe 4S 6 fragment of the 122+ ion as a search model, followed 
by a phase refinement procedure to expand the fragment (DIRDC^4) The PFe ions appeared 
to be strongly disordered The Fourier map showed the presence of one acetone molecule per 
cluster The hydrogen atoms were placed at calculated positions (C-H 0 93 Â for the 
cyclopentadienyl- and 0 96 A for the methyl hydrogen atoms respectively) and refined in a 
riding mode An additional empirical absorption correction based on F0-IFCI was applied using 
DIFABS56 on the original unmerged F0 values The structure was refined by full-matrix least-
squares on F02 values using SHELX!^7 with anisotropic parameters for the non-hydrogen 
atoms and the non-disordered atoms of the PFe ions and isotropic parameters for the acetone 
atoms and the disordered atoms of the PFÖ ions The refinement converged at R value of 
0 068 The function minimized was Ew(F02-Fc2)2 with w=1/[o2(F02) + (0 0475*FC2)2] 
Table 7 Crystallography data for 14(PF6)2 (CH,)2CO 
Empirical formula C25Hi2Fi2Fe4OP2S6 
Formula weight 1054 20 
Space group ^2{1\2\ ( N o '9) 
a(Â) 9 9142(6) 
b (À) 14 4738 (9) 
с (λ) 25 1386(13) 
V (À3) 3607 3(4) 
Ζ 4 
D
ca
ic (g/cm') 1941 
μ ( Μ ο Κ α ) ( α η ' ) 20 85 
Temperature (К) 293 
Radiation MoKct 
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table 7 (com.) 
If* 0.0675 
Rwa 0.1396 
GooFa 1.046 
a
 definitions are as those for compound 3, Chapter 2. 
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CHAPTER 5 
Synthesis and Aggregation Behavior of Amphiphilic Iron-
Sulfur Cluster Compounds 
5.1 Introduction 
Recently, there has been substantial focus on the supramolecular behavior of organic 
amphiphiles1 ' Some results have been reported on aggregate formation of transition metal 
complexes4 6, especially ferrocene derivatives7 " As far as we know, no examples of 
aggregate behavior of amphiphilic metal cluster compounds have been reported However, 
some examples of interactions between metal (cluster) complexes and micelles or vesicles 
have been published12 '3 
The group of Jordanov investigated the redox behavior of Cp4Fe4S52+ bound to Triton X-100 
micelles They found that the cluster ion binds to the hydrophilic part of the micelle13 Some 
(RE)4Fe4E42 clusters have been synthesized with R being an organic substituent containing a 
long alkyl chain, E = S or Se These long alkyl chain denvatized clusters show enhanced 
stability towards decomposition in aqueous micellar solutions When the electrochemistry of 
these compounds is studied in aqueous micellar solutions, their reduction potential shifts to 
more positive value Adsorption onto the working electrode is also observed for these 
compounds14 l6 
Since the Fe4Se cubane clusters can be alkylated by a variety of organic electrophiles, as was 
discussed in Chapter 4, we reacted (Me2SiCp'2)2Fe4S6 (6) with alkylating agents containing 
long alkyl chains, to create Fe4S6 containing amphiphiles In these molecules, the 
118 Chapter 5 
hydrocarbon chain or chains could act as the lipophilic part, and the alkylated cluster mono-
or di-cation as the hydrophilic part of an amphiphile It is known that amphiphilic molecules 
can form aggregates, ι e supramolecular structures such as bilayers, micelles and vesicles3, 
depending on the solvating properties of the solvent used In water long aliphatic chains tend 
to associate and thus shed the organized shell of water molecules (hydrophobic effect ) 
5.2 Syntheses 
When compound 6 was stirred at room temperature with a large excess of п-СігНгаОТов or 
n-Ci6H13OTos in THF, no reaction occurred Only upon reflux in THF (mono)alkylation took 
place The mono-alkylated compounds [(Me2SiCp'2)2Fe4S6(n-Ci2H25)](OTos) 25(OTos) and 
[(Me2SiCp'2)2Fe4S6(n-C|6H31)](OTos) 26(OTos) were obtained in 36% and 30% yield 
respectively (Scheme 1 ) 
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Scheme 1 
Even with a very large excess of alkyltosylate and at long reaction times, no dialkylated 
product could be obtained Only when 6 or 26(OTos) were slurried in pure п-СібНцОТоь 
(m ρ = 35°C) at 70°C for 66 h, the di-alkyl compound [(Me2SiCp'2)2Fe4S6(n-
C|6H33)2](OTos)2 27(OTos)2 was obtained in 70% and 31% yield respectively (Scheme 2) 
The compounds 25(OTos), 26(OTos) and 27(OTos)2 were characterized by means of Ή 
NMR, FAB MS and CV The dialkylated compound 27(OTos)2 is pure according to its Ή 
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NMR spectrum, but in its CV a small amount of mono-alkylated cluster 26(OTos) could be 
observed. 
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The mono-alkyl compounds 25+ and 26+ are Q symmetrie. Therefore 16 Cp-H signals as well 
as 4 SiMe2 signals are observed in their Ή NMR spectra. The signal of the hydrogen atoms 
of the α-methylene group attached to sulfur is obscured by the solvent for 25+ and 26+. The 
remainder of the -CH2- protons of the alkyl chain give rise to a broad peak at about 1 ppm. 
Compound 272 + is C2 symmetric in solution, since 8 Cp-H signals are observed in the Ή 
NMR spectrum, together with 2 SiMe2 signals. The signal due to the two α-methylene groups 
attached to sulfur is visible, and a large, broad peak at 1 ppm is ascribed to the remainder of 
the -CH2- protons of the two alkyl chains The relative integrated intensities of the peaks are 
in accordance with the compositions given. 
In the FAB mass spectra of the compounds, the molecular ion peak for each compound is 
observed. 
The cyclic voltammograms of the mono-alkylated species 25+ and 26+ in DMF are very 
similar to those of other mono-alkylated Fe4S6 clusters and in particular to that of 
[(Me2SiCp'2)2Fe4S6(CH3)]+ (23+). (see chapter 4). The cyclic voltammogram of 272 + is very 
similar to that of [(Me2SiCp'2)2Fe4S6(CH3)2]2+ (242+), for both ions the +1/0 reduction wave is 
irreversible. For details see Table 1. 
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-1.17 
-1.17 
-1.17 
-1.25e 
-1.25e 
-0.06 
-0.08 
-0.08 
-0.73 
-0.72 
0.40 
0.38ь 
0.38b 
0.26 
0.26b 
Table 1 : Electrochemical data for compounds 25+, 26+ and 272+ and corresponding methylated clusters 
redox transition3 
compound 0/+1 +1/2 +2/+3 
~2У 
25+ 
26+ 
242 + 
272 + 
1
 V vs. Fc/Fc+, in DMF. ь quasi reversible transition c peak potential 
As is expected, the C12 and C16 alkylated compounds 25+ and 26+ are virtually 
indistinguishable in the cyclic voltammogram. 
5.3 Electron microscopy 
The long alkyl chain denvatized clusters are very soluble in methanol. When a concentrated 
solution of 25(OTos), 26(OTos) or 27(OTos)2 in methanol was injected in water, a disperse 
solution was obtained. This solution was immediately transferred to a hydrophilic grid and 
subsequently investigated by Transmission Electron Microscopy (ТЕМ). For all three 
compounds, black, perfectly round circles were observed. Negative staining with 
uranylacetate proved to be unnecessary: the electron density of the clusters is apparently large 
enough to scatter the electron beam For 25(OTos) the diameter of the circles ranges from 200 
to 1200 À (Figure la); for 26(OTos) from 500 to 1500 À (Figure lb), and for 27(OTos)2 from 
5600 to 7500 Â (Figure lc). All these values are in agreement with the formation of vesicles3. 
Apparently an increase in chain length of the aliphatic n-alkyl part of the amphiphile and the 
number of alkyl chains gives rise to larger aggregates. If micelles are present in the aqueous 
solutions, they are probably not stable enough to be visible in the dried samples. Furthermore, 
their diameter is expected to be in the order of 40 A, which is too small to detect with ТЕМ 
under these circumstances. 
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%
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Figure 1 : Transmission electron micrographs of freshly prepared disperse aqueous solutions of a) 2S(OTos) 
60,000x; b) 2S(OTos) 180,000x; c) and d) 26(OTos> 40,000x; e) 27(OTos)2 12,000x andf) 27(OTos)2 8,000x. 
Bars denote a), b), c) andd) 100 nm; e) andf) ¡μηι. 
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5.4 DLS measurements 
Aqueous disperse solutions of the mono-alkylated compounds 25(OTos) and 26(OTos), 
prepared as described above, were characterized by means of Dynamic Light Scattering (DLS, 
also known as Photon Correlation Spectroscopy, PCS). With this technique, the particle size 
distribution of spherical particles in the range from 30-6500 Â can be measured. The 
advantage of this technique is that all particles are measured, whereas with EM only the larger 
particles are observed. Furthermore, with this non-destructive technique, the bulk of the 
solution is measured. 
A disperse solution of 26(OTos) (4 μπιοί in 100 μΐ MeOH and 3.5 ml H2O), measured within 
10 minutes after preparation, gave a distribution as shown in Figure 2. 
4 0 5 9 8 7 12 7 16 7 27 4 34 2 59 1 86 7 127 2 188 8 274 1 
size (nm) 
Figure 2: Size distribution diagram ofafreshh prepared disperse aqueous solution (I I mM) of 26(OTos) 
The diameters of the particles lie between 880 and 1870 À with a mean value of 1168 A. This 
is in good agreement with the sizes found with ТЕМ (Figure 1). Also some smaller particles 
are observed, with an mean value of 55 A. When the same sample was remeasured after 5 h 
storage , the particle diameters were found to range from 40 to 105 A (mean value 80 A, see 
It proved to be necessary to dilute the sample to half its original concentration, therefore conditions were 2 
μπιοί in 50 μ] MeOH and 3 5 ml H 20 
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Figure 3) The solution now contains only particles with a size typical for micelles It appears 
that the initially formed large particles are not stable and ultimately rearrange to micellar 
particles 
Figure 3: Size distribution diagram of an aged disperse aqueous wlution (0 55 mM) of26(OTos) 
A disperse solution sample ol 25(OTos) (4 μπιοί in 50 μΐ MeOH and 3 5 ml H20), measured 
within 10 mm after preparation gives rise to a broad size distribution both small and large 
particles are found in the DLS spectrum sizes from 300 to 6000 À are found (Figure 4) 
When the sample was allowed to rest for half an hour, the measurement showed that now 
only small particles are present, with diameters between 40 and 220 Â (mean 79 À), which 
are once again normally values for micelles (Figure 5) 
286 37*0 «8Э0 639 3 
Figure 4: Size distribution diagram ofafreshh prepared disperse aqueous solution (I 1 mM) of 25(OTos) 
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Figure 5: Size distribution diagram of an aged disperse aqueous solution (I 1 mM) of 2S(OTos) 
When a disperse aqueous solution of 27(OTos)2 (0 6 mmol in 0 4 ml MeOH and 5 ml H2O) 
was measured, the resulting diagram showed a broad particle size distribution around 1400 A 
This is not in agreement with the results obtained from EM, which might indicate that the size 
of the particles in the solutions is very much dependent on the experimental conditions (e g 
concentration) Still, the value of 1400 À is indicative of the formation of large particles, 
which could be vesicles An aged sample (=4 h) showed the same size distribution as the 
freshly prepared samples, which means that the aggregates are quite stable, in contrast to the 
mono-alkylated species 25(OTos) and 26(OTos) 
5.5 X-ray powder diffraction measurements 
We attempted to characterize freeze-dned disperse solutions of both 25(OTos) and 27(OTos)2 
by means of X-Ray Diffraction wiih a Cu-source With this technique the thickness of 
bilayers can be determined, since these bilayers are the only ordered features in a powder 
sample of an aggregate The results however suffered from a low signal to noise ratio, 
probably because the Cu-source interferes with the iron atoms in the samples Furthermore, 
the samples did not stick to the surface of the silicon sample holder Still, in the XRD 
spectrum of 25(OTos) very small peaks at low θ can be observed, which account for a 
distance D (the spacing causing the diffraction) of 40 A This value is in agreement with a 
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bilayer thickness or a micelle-diameter. The results are nonetheless too unreliable to draw any 
conclusions. 
Attempts to obtain an X-ray powder diffractogram from freeze dried disperse aqueous 
solutions of 27(OTos)2 using MoKa radiation and a glass needle as sample holder failed also 
(i.e. no peaks were observed), probably due to the small amount of material present in the 
needle. 
5.6 СЛС Determination 
The Critical Aggregation Concentration of 27(OTos)2 was determined by means of 
conductivity measurements. A disperse solution of 27(OTos)2 was obtained by injecting a 
concentrated methanol solution of 27(OTos)2 in water (CH3OH/H20 8% v/v). This solution 
was diluted several times with an 8% CH3OH/H20 mixture and the conductivity was 
measured for each concentration (Figure 6). 
45 4-
40Ü 
35 ti-
ll) ri-
lC (цв/ст) 
25(1-
20 0 
150 
100 
5(1 
01) 
I) 0000 0 050(1 0 lodo II15(H) I) 20OD О 25(Ю 0 3(100 
Cone. 27(OTos)2 (mmol/L) 
Figure 6: Conductivity dependency on the concentration of a solution of27(OTos)2 in 8% methanol/H^O. 
From the figure it can be seen that there are three domains. In both the high concentration 
region and the low concentration region the conductivity is linear dependent on the 
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concentration, but the slopes of the lines is clearly different, which is typical for the 
breakdown of a disperse solution at low concentration3 However, there is no clear transition 
point but a transition region Within this concentration region the aggregates are apparently 
meta-stable The CAC therefore lies in the range 0 13-0 16 mM 
5.7 Electrochemistry 
Disperse aqueous solutions of 27(OTos)2 were studied by cyclic voltammetry The familiar 
+ 1/+2 reduction wave and the +2/+3 oxidation wave of a dialkylated cluster are observed, 
which shows that electrochemical behavior of the alkylated clusters can be studied in aqueous 
disperse solutions The +1/+2 transition lies at -0 48 V vs FcCOOH0/+1, the +2/+3 transition 
at 0 37 V The transition at 0 08 V (Figure 7) is probably due to a small amount of mono-
alkylated 26(OTos), although this compound was not observed in the Ή NMR Both the 
clock form of the redox wave and the peak separation of 35 mV of the +1/+2 redox transition 
suggest strongly that adsorption of 272+ onto the working electrode takes place upon 
reduction18 Adsorption does not take place at the +2/+3 transition Adsorption of 272+ to the 
electrode surface is quite strong, as was deduced from the following experiment in a standard 
CV setup, the potential was brought to a potential 150 mV cathodic with respect to the +1/+2 
transition for 5-10 mm Then the electrode was taken out of the solution, washed with water, 
wiped on a tissue paper, and subsequently put in an electrolyte solution (НгО/МеОН, 10 1, 
0 1 M NaCl) The resulting CV is identical to that obtained in the disperse aqueous solution 
of 27(OTos)2, and remains identical for more than 10 cycles Only washing with acetone 
removes the adsorbed molecules 
The CV of [(Me2SiCp'2)2Fe4S6(CH3)2](OTos)2 (24(OTos)2) was also measured in H20/MeOH 
10 1 for comparison The +I/+2 and +2/+3 redox transitions are found at -0 80 V and 0 21V 
vs FcCOOH°/+l, respectively Changing the alkyl substituents from CH^ to СібН^ therefore 
results in a huge anodic shift of 0 3 V for the +I/+2 transition and of 0 16 V for the +2/+3 
transition (Figure 7) The shift of the +2/+3 transition may be due to a solvent effect, but the 
large shift of the reduction wave is probably mainly due to adsorption, ι e the adsorption 
energy alters the E1/2 of this redox transition In the case of ideal adsorption, the peak 
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separation should be OV The observed small peak separation could be the result of a lateral 
interaction between the cluster molecules adsorbed on the electrode surface 
0 012 
0 008 
1200 0 800 0 400 0 000 
E vs FcCOOH°/FcCOOlT[V] 
0 400 0 800 
Figure 7: CV of disperse solution of24(OTos)2 (thin line) and 27(OTos)2 (thick line) in H20/MeOH (J0/1 v/v) 
Asterisk denotes impurity 
5.8 Conclusions 
The Си alkylated Fe4Se cluster 25(OTos) and the Ci6 mono- and dialkylated Fe4S6 clusters 
26(OTos) and 27(OTos)2 behave as amphiphiles, and form aggregates in aqueous solutions 
The size of the aggregates seems to depend on the size of the alkyl chain (C ] 2 vs Cie), and the 
number of chains (one vs two С\ь chains) The mono-alkylated clusters form initially large 
aggregates (around approximately 1000 À), which are detectable by ТЕМ These large 
aggregates are not stable and transform into small particles, presumably micelles The Сіб 
dialkylated cluster 27(OTos)2 forms very large aggregates (from approximately 1400 A to 
6000 À) The stability of the latter aggregates seems quite high Upon reduction of 27(OTos)2 
in aqueous solutions adsorption onto the working electrode takes place Tentative structures 
of the aggregates formed are shown in Figure 8 
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Figure β' Schematic representation of a part of a) a micelle b) a vesicle tail to tail model c) a vesicle 
mterdigitatwn model and d) a coated (electrode) surface The black rectangles denote the iron sulfur cluster 
The difference between the normal aggregates and these, Fe4S6 cluster derived aggregates, 
lies in the fact that the polar head groups of the latter are electrochemically active This could 
mean that the supramolecular structure of the aggregates could be changed, by switching 
between different oxidation states, as has been demonstrated for mononuclear redox active 
amphiphiles5 ' ' Secondly, the hydrophilic part can act as some sort of conductor or 
mediator, ι e it could pass on electrons from the aqueous phase to the lipophilic phase The 
use of electro active polar groups of amphiphiles in electrocatalytic reductions of organic 
halides in aqueous solutions has been demonstrated for some systems, e g l-chloro-2 
propene is electrocatalytically reduced in а Со(ЬруС16)ч2+/0 IM SDS system at -1 6 V vs 
SCE (ЬруСІб = 4,4-dihexddecyl-2,2bipyndyl)19 Moreover, electrodes with an adsorbed 
(multi)layer of redox-active amphiphihc molecules have potential applications as sensors or 
in chemical conversions 
The difference between the above mentioned cluster compounds and those described by 
Jordanov'1 and Tanaka14 1 б lies in the fact that the alkylated cyclopentadienyl iron-sulfur 
clusters behave as amphiphiles themselves, whereas Jordanov and Tanaka report the use of 
commercially available surfactants (such as Triton X-100) for their aqueous solutions 
Cp4Fe4S52+ is a polar molecule and solvable in water, but does not have a lipophilic part The 
(RE)4Fe4E42 clusters possess a polar and a non polar part, but they also possess tetrahedral 
symmetry, with the cluster core located in the inner part of the molecule It can therefore 
probably not form aggregates in solution 
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From the data obtained, it is impossible to tell what the alkylated Cp iron-sulfur cluster 
aggregates look like on a molecular level The lipophilic organic chains in 27(OTos)2 are 
attached to the η'-sulfur atoms of the Y&Sb cluster core It is likely that the α-carbon atom is 
positioned on the "outside" of the cluster, as are the methyl groups of 142+ (see Chapter 4), 
although inversion at the "sulfonium" atom can not be ruled out20 21 If the α-carbon atoms are 
positioned "outside" the cluster, the distance between them is 7 A (based on the crystal 
structure of 142+) Furthermore, the S-methyl bonds in 142+ are almost parallel, which means 
that the chains can not align easily The approximate area of the cluster, viewed from 
' above", is 70-90 Â2, that of the two alkyl chains approximately 40 À2 This means that if the 
amphiphihc cluster molecules form bilayers, the chains probably interdigitate (Figure 8) The 
chains can point away from the cluster, or they can fold back, between the Me2SiCp'2 ligands 
(Figure 9) In the former case, the length of the molecule is approximately 25 A, in the latter 
20 Â In the latter case the cluster core sulfur atoms are exposed, and can interact with the 
electrode surface 
Figure 9: Possible orientation of the alkyl chains of27(OTos)2 a) Alkyl chains pointing away from the cluster 
b) alkyl chains lying between the Me2SiCp 2 ligands 
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5.9 Experimental section 
General Methods 
Disperse solutions were prepared by dissolving approximately 10 mg of alkylated cluster in 
100-500 μΐ of methanol, and injecting this solution in 3-5 ml of demmeralized water 
Transmission Electron Microscopy measurements were carried out by Albert Schenning on a 
Philips EM 210 apparatus A freshly prepared disperse solution was transferred to a 
hydrophihc formvar copper grid After 2 min the samples were blotted dry by touching the 
edge of the grid with filter paper In the case of 25(OTos) additional samples were prepared 
by adding a drop of a 4% (m/v) aqueous uranylacetate solution to the dried sample, waiting 2 
minutes, and blotting dry 
Dynamic Light Scattering measurements were carried out at the Technical University of 
Eindhoven, with a Malvern Autosizer Пс (25(OTos), 26(OTos)), and on a Coulter N4 Plus 
(27(OTos)2), kindly supplied by Coulter Corporation 
X-Ray powder Diffraction measurements were carried out by Mr R Hafkamp on a Philips 
PW1710 diffractometer with a Cu LFF X-ray source (40kV, 55mA), λ(α1, α2) 1 54060 and 
1 54438 nm, and by Mr J M M Smits on a ENRAF NONIUS CAD 4 using a Mo source, 
λ(α1,α2) 0 70926 andO 71354 nm 
Electrochemical measurements were carried out as described in Chapters 3 and 4 For the 
measurements on the aqueous solutions of 24(OTos)2 (0 5 mM) and 27(OTos)2 (0 5 mM) in 
H2O/CH3OH (10/1 v/v) 0 1 M NaCl was used as the electrolyte, a platinum electrode as the 
working electrode and the SSCE as the reference electrode The FcCOOH/FcCOOH+ couple 
was used as internal reference 
Conductivity measurements (CAC determination) were performed on a Schott Gerate CG852 
conductivity equipment 312 mg of 27(OTos)2 (19 7 цтоі) was dissolved in 4 ml of 
methanol and injected in 46 ml of demmeralized water This solution was diluted with 5 ml 
portions of a 8% (v/v) methanol/water mixture The conductivity was recorded after 
stabilizing 
C12H25OT0S and СібН-nOTos were prepared according to literature methods22 
Synthesis and Aggregation Behavior ofAmphiphihc Iron-Sulfur Cluster Compounds 131 
For additional experimental details, see Chapters 2, 3 and 4 
Syntheses 
[(Me2SiCp'2)2Fe4S6(C1 2H25)](OTos) (25(OTos)) A solution of 0 48 g of C,2H2 5OTos (1 4 
mmol) in 10 ml of THF was added to a solution of 80 mg of 6 (0 1 mmol) in 20 ml of THF 
After stirring for 24 h at room temperature, the reaction mixture was stirred under reflux for 
66 h After cooling down, the volume of the solution was reduced to 50% in vacuo, and was 
layered with hexane The resulting dark brown precipitate was filtered off, washed with 
hexane and dried in air Yield 41 mg (0 036 mmol, 36%) Ή NMR (CD3CN) δ 7 60, 6 29, 
5 34, 5 19, 5 10, 5 07, 5 02, 4 74,4 56, 4 48, 4 00, 3 93 (all m, IH, -C5H4), 6 48 (m, 4Н, -
CIL,), 7 66 and 7 22 (AB, 4H, -С6Щ-), 2 41 (s, ЗН, -CeUt-CH,), 2 01 (-S-CH2- and 
CD2HCN), 1 39 (s, 20H, -(СН2)ю-), 0 96 (m, ЗН, -CH2-CH3), 0 24 and 0 12 (2х s, 2х ЗН, -
Si(CHi)2-), 0 04 (s, 6Н, -Si(CH3)r) FAB MS m/z 957 (61%, 25+), 925 (7 3%, [25 - S]+), 
788 (2 7%, [25 - С2Н25Г), 756 (50%, [25 - SC,2H25]+), 724 (57%, [25 - S - SC2H25D 
[(Me2SiCp'2)2Fe4S6(C,6H,3)](OTos) (26(OTos)) A solution of 0 40 g of Ci6H3 3OTos (1 0 
mmol) in 40 ml of THF was added to a solution of 80 mg of 6 (0 1 mmol) in 60 ml of THF 
The reaction mixture was stirred under reflux for 75 h After cooling down, the volume of the 
solution was reduced to 30% in vacuo, and was layered with hexane The resulting dark 
brown precipitate was filtered off, washed with hexane and dried in air Yield 35 5 mg (0 030 
mmol, 30%) Ή NMR (CDjCN) δ 7 60, 6 30, 5 34, 5 20, 5 09, 5 06, 5 02, 4 74, 4 58, 4 46, 
4 00, 3 95 (all m, IH, -C5H4), 6 47 (m, 4H, - С И , ) , 7 63 and 7 21 (AB, 4H, -C6ILr), 2 40 (s, 
ЗН, -С6Н4 СН 3), 2 01 (-S-CH2 and CD2HCN), 1 34 (s, 28Н, -(<ΓΗ2)14-), 0 96 (m, ЗН, -СН2-
СН3), 0 24 and 0 12 (2 χ s, 2 χ ЗН, -Si(CH3)2-), 0 04 (s, 6H, -Si(CH3)2-) FAB MS m/z 1013 
(47%, 26+), 981 (5 3%, [26 - S]+), 756 (53%, [26 - SCi6H3 3]+), 724 (61%, [26 - S -
SC16H33] ) 
[(Me2SiCp,2)2Fe4S6(C16H33)2](OTos)2 (27(OTos)2) Method A 50 mg of 26(OTos) (0 042 
mmol) was added to 200 mg of Ci6Hi3OTos (0 50 mmol) This mixture was heated to 66°C 
for 48 h The reaction vessel was sometimes shaken gently, to homogenize the reaction 
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mixture After cooling, di-isopropylether was added, in air, and the resulting precipitate was 
Filtered off and dried in air Recrystallization from acetone/hexane yielded a dark brown 
precipitate Yield 20 5 mg (0 013 mmol, 31%) Ή NMR ((CD3)2CO) δ 7 95, 7 30, 7 18, 
5 75, 5 55, 5 51, 5 43, 4 50, (all m, 2H, -C5H4), 7 80 and 7 22 (AB, 8H, -C6H4-), 2 40 (s, 6Н, 
-QH4-CH3), 2 10 (mp, 4Н, -S-CHz-), 1 34 (s, 56H, -(СН2)м-), 0 93 (m, 6H, -CH2-CH3), 
0 28 and 0 19 (2х s, 2х 6Н, -Si(CH3)2-) FAB MS m/z 1238 (16%, 27+), 1013 (14%, [27 -
C,6H13]+), 981 (20%, [27 - SC16H33]+), 756 (8 8%, [27 - C,6H33 SCi6H33]+), 724 (86%, [27 -
2SC16H31]+) 
[(Me2SiCp'2)2Fe4S6(Ci6H33)2](OTos)2 27(OTos)2 Method В 200 mg of 6 (0 25 mmol) was 
added to 1 00 g of Ci6Hi3OTos (2 52 mmol) This mixture was heated to 68°C for 68 h The 
reaction vessel was sometimes shaken gently, to homogenize the reaction mixture After 
cooling, di-isopropylether was added, in air, and this mixture was heated to 75° to dissolve 
residual C16H33OT0S The resulting precipitate was filtered off and dried in air 
Recrystallization from acetone/hexane yielded a dark brown precipitate According to CV the 
product was still slightly contaminated with the mono-alkylated compound 26(OTos), but this 
was not observed in the Ή NMR FAB MS, Ή NMR and CV data were in accordance with 
those obtained for 27(OTos)2 prepared as described above Yield 283 mg (70%) 
[(Me2SiCp'2)2Fe4Sé(CH3)2](OTos)2 (24(OTos)2) 250 mg of 6 (0 33 mmol) was added to 0 8 
g of CH3OTos (4 3 mmol) This mixture was heated to 65°C for 66 h The reaction vessel was 
sometimes shaken gently, to homogenize the reaction mixture After cooling, 8 ml di-
îsopropylether was added, in air The resulting sticky precipitate was filtered off and mixed 
with acetone The mixture was filtered and the filtrate evaporated to give once again a sticky 
solid Recrystallization from methanol/di-isopropylether and methanol/n-hexane yielded a 
sticky precipitate Recrystallization from methanol/diethylether and subsequent filtration and 
drying in air ultimately yielded a brittle solid Ή NMR (CD3CN) and CV data were in 
accordance with those obtained for 24(PF6)2 prepared as described in Chapter 4 Yield not 
determined 
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CHAPTER 6 
Nucleophilic Reactions of Fe4S6 Cluster Compounds 
towards Metal Complexes 
6.1 Introduction 
There has been some research into the reactivity of the disulfido groups in Fe4S6 clusters. 
Kubas reported reactions between the nucleophilic disulfido sulfur atoms of Cp4Fe4S6 (9) and 
the electrophiles S0 2 and Ag
+ 1 2
. He also reacted 9 with Мо(СО)б and W(CO)6, obtaining 
Cp4Fe4S6M(CO)4 1. Dupré and Jordanov studied the reactivity of 9 towards other low valent 
Mo complexes and found complexes of 9 with Mo(CO)4 and Мо(СО)2(СНэСМ)Вг 
fragments4<i. These complexes with the disulfido groups of the iron-sulfur cluster 
coordinating to a metal atom are examples of complexes with a so-called metalloligand. We 
decided to investigate the nucleophilic reactivity of the disulfido groups of Fe4S6 clusters 
towards electropositive metal complexes. In reactions with Mo complexes Jordanov et al. 
found many side reactions due to the instability of 9, in particular after oxidation of the 
cluster core4 7. With this in mind we set out to use the more stable Me2SiCp'2-stabilized Fe4S6 
cluster 6 in reactions with late transition metal complexes. 
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6.2 Reaction between 6 and Ag+ 
Compound 6 was reacted with AgPFö in a 2.3 molar ratio This is the molar ratio as is used by 
Kubas1 for reaction of 9 with AgSbF6 We used AgPF6 instead of AgSbF6 and a 
THF/acetonitnle mixture as solvent instead of acetonitnle After stirring for 16 h, the reaction 
mixture was filtered over hyflo to remove any metallic silver and evaporated to dryness The 
resulting black solid was recrystallized from acetonitnle/diethylether and subsequently 
characterized by means of FAB MS The parent peak (M+-l) was clearly visible at 1683 
a m u , corresponding to [(Me2SiCp'2)2Fe4S6-Ag-S6Fe4(Cp'2SiMe2)2]+ 28+, with the expected 
isotope distribution (although the less intense peaks are obscured by noise) FAB MS 
however does not give any information about the oxidation state of 28 Recrystalhzation of 
the product by means of slow diffusion of hexane into an ethanol solution yielded crystals 
suitable for X-ray diffraction Subsequently the structure was elucidated8 (Figure 1) Crystal 
data are summarized in Table 5 Selected atomic distances and bond angles are given in Table 
1 and Table 2 
The complex has the composition [(Me2SiCp'2)2Fe4S6-Ag-S6Fe4(Cp'2SiMe2)2]+ 28+ and 
consists of two (Me2SiCp'2)2Fe4S6 units coordinating to a central silver atom in a distorted 
tetrahedral fashion As counterion PO2F2 was found instead of PFÔ This PO2F2 must have 
been formed by partial hydrolysis of PFe The IR spectrum of the AgPFö used shows peaks at 
1312, 1148, 833, 738 and 497 cm ' These same peaks were found (1302, 1137, 832, 733 and 
498 cm ') in the IR spectrum of the reaction product 28+(Р02Р2) In the published spectrum9 
of KPO2F2 intense peaks at 1315, 1150, 855 and 500 cm ' are observed, together with low 
intensity peaks at 1000 and 730 cm ' As only one PO2F2 countenon per 28+ was found in the 
crystal structure, the total charge of the complex must be +1 
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a) 
b) 
Fe23 
^ 6 
Fe24 
V 4 
Ге12 
Figure 1: a>X-ra> structure of[(Me2SiCp'2hFe4S6 Ag StFeACp'ßMeihi* (28*) Hydrogen atoms 
omitted for clarity Thermal ellipsoids are at 50% probability b) Cluster core of 28* with atom 
labeling scheme 
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Table 1 : Selected interatomic distances (Â) for 28(PF202) 
A g ( l ) - S ( l l ) 
Ag(l)-S(12) 
Fe(l l )-Fe(14) 
Fe(12)-Fe(13) 
Fe(13)-Fe(14) 
Fe( l l ) -S(12) 
Fe( l l ) -S(13) 
Fe( l l ) -S(16) 
Fe(12)-S( l l ) 
Fe(12)-S(l4) 
Fe(12)-S(15) 
Fe( l3)-S( l4) 
Fe(13)-S(15) 
Fe(13)-S(16) 
Fe(14)-S(13) 
Fe(14)-S(l5) 
Fe(14)-S(16) 
S ( l l ) - S ( l 3 ) 
S(12)-S(l4) 
S ( l l ) - S ( l 2 ) 
F e ( l l ) - C p 
Fe(12)-Cp 
Fe(13)-Cp 
Fe(14)-Cp 
Si(ll)-Cp(l2)b 
Si(ll)-Cp(13) 
St(l2)-Cp(ll) 
Si(12)-Cp(14) 
Si - C(av.)a 
2.550(3, 
2.555(3] 
2.628(2] 
2.634(2) 
3.401(2] 
2.230(3) 
2.210(3) 
2.202(3) 
2.240(3) 
2.204(3) 
2.217(3) 
2.165(3) 
2.209(3) 
2.241(3) 
2.175(3) 
2.245(3) 
2.204(3) 
2.070(4) 
2.058(4) 
3.419(4) 
1.737(2) 
1.758(2) 
1.746(2) 
1.757(2) 
0.105(4) 
0.223(4) 
0.100(4) 
0.209(4) 
1.85(2) 
Ag(l)-S(21) 
Ag(l)-S(22) 
Fe(21)-Fe(24) 
Fe(22) - Fe(23) 
Fe(23) - Fe(24) 
Fe(21)-S(22) 
Fe(21)-S(24) 
Fe(21)-S(25) 
Fe(22)-S(21) 
Fe(22) - S(23) 
Fe(22) - S(26) 
Fe(23) - S(23) 
Fe(23) - S(26) 
Fe(23) - S(25) 
Fe(24) - S(24) 
Fe(24) - S(26) 
Fe(24) - S(25) 
S(21)-S(24) 
S(22) - S(23) 
S(21)-S(22) 
Fe(21)-Cp 
Fe(22) - Cp 
Fe(23) - Cp 
Fe(24) - Cp 
Si(21)-Cp(21) 
Si(21)-Cp(24) 
Si(22)-Cp(22) 
Si(22)-Cp(23) 
2.475(3 
2.658(3 
2.635(2 
2.622(2 
3.374(3 
2.232(3 
2.207(3 
2.198(3 
2.241(3 
2.199(3 
2.205(3 
2.182(3 
2.197(3 
2.245(3 
2.171(3 
2.248(3 
2.197(3 
2.067(4 
2.056(4 
3.394(4 
1.747(2 
1.749(2 
1.766(2 
1.755(2 
0.096(4 
0.176(4 
0.113(5 
0 213(6 
a
 Largest value of esd's given in parentheses distance to least-squares plane Fe(n) is connected to Cp(n), 
Nucleophilic Reactions ofFe4Se Cluster Compounds towards Metal Complexes 139 
Table 2. Selected angles (°) for 28(PF202) 
S( l l )-Ag( l )-S(12) 
S( l l )-Ag( l )-S(21) 
S( l l )-Ag( l )-S(22) 
Ag( l)-S(12)-Fe( l l ) 
Ag( l )-S( l l )-Fe(12) 
Ag( l )-S( l l )-S(13) 
Ag(l)-S(12)-S(14) 
Fe(12)-S(l l)-S(13) 
Fe(11)-S(12)-S(14) 
Сме -Sl(l 1) - Сме 
Ccp-Si( l l )-Ccp 
Сме - Sl(12) - Сме 
Ccp-Si(12)-Ccp 
Cp(l l)-Cp(14) a 
Cp(12)-Cp(13) 
84 09(8) 
136 13(9) 
114 40(9) 
102 98(11) 
107 49(11) 
9121(12) 
96 03(12) 
111 14(13) 
11099(13) 
114 5(6) 
107 2(5) 
112 2(7) 
106 3(5) 
100 8(5) 
101 2(5) 
S(21)-Ag(l)-S(22) 
S(12)-Ag(l)-S(22) 
S(12)-Ag(l)-S(21) 
Ag(l)-S(22)-Fe(21) 
Ag(l)-S(21)-Fe(22) 
Ag(l)-S(21)-S(24) 
Ag(l)-S(22)-S(23) 
Fe(21)-S(22)-S(23) 
Fe(22)-S(21)-S(24) 
Сме - Sl(21) - Сме 
CC p-Si(21) C C p 
Сме - Sl(22) - Сме 
CcP - Si(22) - Сер 
Cp(21)-Cp(24) 
Cp(22) - Cp(23) 
82 71(8) 
112 33(9) 
128 36(9) 
103 22(11) 
107 86(11) 
93 96(12) 
94 97(12) 
111 34(13) 
11171(13) 
112 6(6) 
107 0(4) 
113 3(13) 
108 1(5) 
98 7(6) 
98 6(5) 
' Angle between least-squares planes Fe(n) is connected to Cp(n) 
Table 3: Companson between (averaged)" structural features of 28* [(Cp4Fe4S6)2Ag]3+, 6 and 9 
distanceb 
Fe(ll)-Fe(14) 
Fe(13)-Fe(14) 
Fe(ll)-Fe(12) 
S( l l ) S(13) 
S(l l)-S(12) 
28+ 
2 630(2) 
3 387(3) 
4 354(3) 
2 063(4) 
3 407(4) 
[(Cp4Fe4S6)2Ag]1+ 
2 658(2) 
2 999(5) 
4 382(4) 
2 048(7) 
3 414(8) 
6 
2 616(4) 
3 403(4) 
4 359(5) 
2 028(7) 
3 351(7) 
9 
2 637(2) 
3 412(2) 
4 356(2) 
2 039(3) 
3 392(3) 
Largest value of esd s given in parentheses numbering is according to Figure 1 
The structure of 28+ is very similar to that of the [(Cp4Fe4S6)2Ag]1+complex reported by 
Kubas2 In Table 3 some important distances are given for 28+, [(Cp4Fe4S6)2Ag]3+, 6 and 9 
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The non-bonding distance Fe(13)-Fe(14) in 28+ is close to 3 4 À, as it is in the parent 
compound 6 and 9 In [(Cp4Fe4S6)2Ag]3+ this distance, however, has shortened to 3 0 Â, 
which has been ascribed by Kubas to the formation of a one-electron bond between Fe(13) 
and Fe(14) upon oxidation of the Fe4S6 core This is not the case for 28+, since formally no 
cluster oxidation has taken place Compared with the starting compound 6 and 9 the S(l 1)-
S(13) distance in 28+ has increased slightly, which is probably due to reduced electron density 
of the S-S bond This lengthening is less than that observed in the alkylated Fe^ Sô clusters 
(2 19 and 2 14 À for 112+ and 132+ respectively, see Chapter 4) The S(l 1)-S(13) distance in 
28+ is also longer than the corresponding distance in (Cp4Fe4S6)2Ag3+ The reason for this is 
not known 
The cyclic voltammograms of the reaction product, both before and after crystallization from 
ethanol/hexane (Figure 2) in DMF show two chemically reversible (but electrochemically 
irreversible, ΔΕ
Ρ
 > 60 mV) oxidation waves at -0 19 and 0 24 V (vs Fc0/+), a totally 
irreversible reduction wave at -1 38 V and a reversible reduction wave at -1 68 V (not shown 
in Figure 2) When the potential is brought below the peak potential of the reduction at -1 38 
V, the 0/+1 redox transition of 6 becomes clearly visible in the reverse scan, which indicates 
that 6 is formed during the irreversible reduction, causing the reversible reduction wave at 
1 68 V (the 60/ ' transition is found at precisely -1 68 V in DMF) The cyclic voltammograms 
of the initial product from the reaction between 6 and Ag+ (molar ratio 6 Ag+ = 2 3) and the 
product recrystallized from ethanol/hexane differ in their equilibrium potential (see Figure 2) 
For the initial product E«, lies between the two redox waves at -0 19 and 0 24 V, but after 
crystallization E ,^ is shifted well below the redox wave at -0 19 V From this we conclude 
that the initial reaction product has an oxidation state higher than +1 It must therefore have 
been reduced to +1 during crystallization from ethanol/hexane, presumably by ethanol The 
crystals used for X-ray diffraction were obtained from this crystallization 
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E(V) 
Figure 2: CV s of28(P02F2) in DMF (thick line) scanned m positive direction and 28(P02F2)i in DMF (thin 
Une) scanned in both positive and negative direction The arrow denotes the redox transition of 6 after the 
irreversible reduction 
Further insight in the initial reaction of 6 was obtained by DPV titration When silver tnflate 
(AgOTf) is added to 6 in DME, the DPV pattern starts to change immediately (Figure 3) The 
peaks of 6 diminish and new peaks, which are at the same position as those found in the CV 
of 28+, emerge After addition of half an equivalent of Ag+ (i e molar ratio 6 Ag+ = 2 1) the 
profile of 6 has disappeared, but no oxidation of 28+ has occurred yet (Figure 3) Only upon 
addition of more Ag+ the E«, increases, until, after addition of 1 5 molar equivalents of Ag+ to 
6, its value is exactly between the peak potentials of the two new "oxidation" waves This 
means that two separate reaction steps take place when 6 is titrated with Ag+ First one Ag+ 
ion is coordinated by two Fe4S6 clusters (via the disulftdo groups), and the resulting complex 
[(N^SiCp^^Fe^Sö Ag-S6Fe4(Cp'2SiMe2)2]+ 28+ is subsequently oxidized from +1 to +3 
(Scheme 1) No intermediate dication 282+ is observed, meaning that there is no stabilizing 
interaction between the two redox centers, ι e there is no "rruxed-valence" state 
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Figure 3: DPV recorded in DME of 6 (solid line) and after addition of AgOTf (dotted line). Approximate 
equilibrium potentials a: before addition of Ag*i b: after addition of 0.5 Ag* to 1 6; c: after addition of I Ag* to 
1 6; d: after addition of 1.5 Ag* to I 6. 
2 6 + Ag+ 
28+ + 2 Ag+ 
28+ 
283+ + 2 Ag° 
Scheme 1 
As compound 28+ is diamagnetic its Ή NMR spectrum could be recorded. Eight broad peaks 
were observed between 4 and 7.5 ppm (corresponding to the Cp-protons). The observed 
broadening could be the result of slow molecular motion. Therefore a variable temperature 
NMR experiment was conducted, the temperature being varied between 298 and 350 K. In 
this temperature range no sharpening of the signals was observed. The presence of a small 
amount of the paramagnetic trication could explain the broadening. In the EPR spectrum of 
283+ (so before crystallization from ethanol/hexane) a very intense and broad signal is 
observed. The width of the EPR signal suggest that the concentration of 283+ ( ΙΟ'3 M) was too 
high. Hence, only an averaged g value of 2.022, corresponding to a S = г system, could be 
obtained. No signals due to higher spin systems were observed. Each cluster core has one 
unpaired electron. This means that the two spin systems do not interact with each other, 
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which is in agreement with the electrochemistry. In the EPR spectrum of 28+ no signals were 
observed, which is in agreement with 28* being diamagnetic. 
6.3 Reaction between Cp4Fe4Se and Ag
+ 
The procedure for reaction of 6 with Ag+ was also used to investigate the reaction of 
Cp4Fe4S6 (9) with silvertriflate in DMF by DPV. Unfortunately no well defined peaks could 
be observed (see Figure 4). This could mean that either (Cp4Fe4S6)2Ag+ does not have well 
resolved redox transitions or it is very prone to decomposition. 
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Figure 4: DPV recorded in DMF of 9 (solid tine) and after addition of AgOTf (molar ratio 9:Ag+ = 2:1) 
(dotted line). 
6.4 Reaction between 6 and Cu(CH3CN)4BF4 
The reaction between 6 and Cu(CH3CN)4BF4 evolved analogous to that between 6 and 
AgOTf, as described in Section 0. A solution of Cu(CH3CN)4BF4 in DMF was added 
stepwise to a solution of 6 in the same solvent, and the reaction was followed by means of 
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DPV (Figure 5). After addition of Cu(CH3CN)4BF4 in a molar ratio of 6:Cu+ of 2:1 the 
characteristic oxidation waves of 6 have totally disappeared, and new waves have emerged, 
corresponding to a 2:1 stoichiometry in complexation of 6 to Cu(I). Therefore, similar to 28+, 
[(Me2SiCp'2)2Fe4S6-Cu-S6Fe4(Cp,2SiMe2)2]+ 30+ may have formed (Figure 6). The DPV 
pattern of 30+, however, is different from that of 28+; the first oxidation wave appears as a 
double wave, and the second wave is situated at the same potential as that of the 6+' + 
transition (0.04 V in DMF), suggesting that 30+ is destroyed upon oxidation, and 6+ is 
formed. In the negative direction of the DPV scan (not shown in the figure) multiple small 
reduction waves are found. The origin of these transitions is not understood. 
7000 
6.000 
5.000 
5" 4000 
о 
^ 3.000 
2.000 
1.000 
0.000 
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 
E(V) 
Figure 5: DPV recorded in DMF of 6 (solid line) and after addition of Cu(CNCH¡)4BF4 (molar ratio 6:Cu* = 
2:1) (dotted line). 
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6.5 Reaction between 6 and [RhCl(COD)]2 
The reaction of compound 6 with [RhCl(COD)]2 in DMF was also followed by means of 
DPV (Figure 9) The reaction was found to be fast, and complete conversion of the DPV 
pattern was observed after addition of [RhCl(COD)]2 in a molar ratio of 6 Rh+ of 1 1 This 
suggests a 1 1 stoichiometry in complexation of Rh(I) by 6 The reverse titration reaction was 
investigated as well, ι e 6 was added stepwise to a solution of [RhCl(COD)]2 The same 
pattern was obtained after addition of 6 in a molar ratio of 6 Rh+ of 1 1 On a preparative 
scale 6 and [RhCl(COD)]2 were mixed in MeOH Upon removal of unreacted 6 by filtration 
and evaporation of the solvent a black solid was obtained Its FAB MS spectrum clearly 
shows the parent peak of [(Me2SiCp'2)2Fe4S6Rh(COD)]+ 29+ at 999 a m u Furthermore, the 
observed isotope distribution pattern is in very good agreement with the calculated pattern In 
the Ή NMR spectrum no signals could be observed, which is probably due to 
paramagnetism Attempted recrystalhzation from СНгСЬ/Ьехапе resulted in total 
decomposition to insoluble compounds Therefore 6 and [RhCl(COD)]2 were mixed in 
CDCh and measured in situ A clear spectrum with broad peaks was observed The CDCh 
was evaporated, and CD3CN was added This time sharp peaks were observed in the Η NMR 
(Figure 8) Eight peaks between 4 and 7 7 ppm are assigned to the Cp' protons, two singlets at 
0 1 and 0 15 ppm to the SiMe2 protons, two multiplets at 4 5 and 4 8 ppm to the olefinic part 
of COD and 3 multiplets between 2 2 and 2 7 ppm to the aliphatic part of COD 
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Cp 
CHS 
си, The Cp' protons show very small coupling 
cp to each other. The broadening of the peaks 
in CDCI3 may be due to a slow 
equilibrium between 29C1 and 29+/СГ, i.e. 
the chloride ion going on and off the Rh 
ion This equilibrium may be shifted to 
the right, i.e. the solvated ions, in 
acetonitrile, as this polar solvent is more 
Figure 7: Proposed structure of c a P a b l e o f stabilizing ions than 
[<Me2SlCp,2)2Fe4S6Rh<COD)ia (29CI) Coordination of chloroform. The Ή NMR is in perfect 
СГ may depend on solvent agreement with the DPV and FAB MS 
which strongly suggest the formation of 
[(Me2SiCp'2)2Fe4S6Rh(COD)]Cl 29(C1) (Figure 7). However, the complex seems not very 
stable, since the product obtained from the normal scale synthesis did not give an Ή NMR 
spectrum and the subsequent crystallization from CFhCh/hexane gave only insoluble 
material. 
H2O 
C5H4 
CD2HCN 
>S.(CH0i 
Figure 8: Ή NMR of29Cl in CD,CN (2 01 ppm) at 200 MHz * denotes impurity 
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In the DPV of 29(C1) two badly resolved, irreversible oxidation waves are observed, at -0.12 
V and 0.0 V, and a reversible reduction wave at -1.21 V. The peak-width (57 mV) indicates 
that this reduction is a one-electron reduction, i.e. a 29+ 1 / 0 transition. 
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Figure 9: DPV m DMF of 6, (solid lme)lRh(COD)Cl]2 (dashed line) and 29* (dotted line). 
6.6 Reaction between 6 and K2PtCLi 
DPV shows that the reaction between 6 and K^PtCLt in DMF is slow; complete conversion is 
found only after one week. In the DPV study a 10-fold excess of КгРЮд was used. On a 
preparative scale compound 6 in THF was reacted with КгРіС14 in water (molar ratio 6:Pt = 
2:1). After stirring for 6 days, the solvents were removed and the СГ ions were exchanged 
with P¥¿ ions, to give a black, airstable compound. According to FAB mass spectroscopy, a 
complex with composition [(Me2SiCp'2)2Fe4S6-Pt-S6Fe4(Cp'2SiMe2)2]+ 31+ has been formed. 
The parent ion peak 31+ was found at 1771 a.m.u., with an isotope distribution pattern that 
agrees reasonably well with the calculated pattern. The intensity of the parent ion peak is 
small, therefore the smaller isotope peaks are obscured by the noise. Since Pt(II) was 
employed, the overall charge of the complex is believed to be +2. This is supported by the 
148 Chapter 6 
DPV study, since no oxidized or reduced cluster 6 was found, and oxidation or reduction of 
the Pt-ion therefore seems unlikely 
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Figure 10: Ή NMR spectrum of31(PF6)2 in CD,CN (2 01 ppm) at 500 MHz The mset shows the 4 different 
SiMe2 signals 
In the Ή NMR spectrum of 312+ (Figure 10) the Cp-protons are observed as 13 peaks of 
equal intensity and one with triple intensity, between 7 64 and 4 16 ppm, and the SiMe2 
protons as 4 signals with triple intensity between 0 20 and 0 16 ppm The observation of 16 
Cp proton peaks instead of 8 can be explained on the basis of stereochemistry Compound 6 
is C2 chiral and both stereo isomers, d and 1, are present in 1 1 ratio (racemic mixture) Upon 
addition to the Pt(II) ion, 4 stereo isomers are therefore formed (dd, dl, Id and 11), which form 
two pairs of diastereo-isomers, each pair having its own NMR spectrum 
In the cyclic voltammogram and differential pulse voltammogram of 312+ (Figure 11) an 
irreversible oxidation wave is found, together with a double reversible reduction wave around 
-1 1 V 
Nucleophilic Reactions ofFe4Se Cluster Compounds towards Metal Complexes 149 
) 
î 
s 
5000 
4000 
3 000 
2000 
1 000 
i * · 1 
M 
ι ι 
ι 1 
' \ 
•·"** 
/\ 
1 \ 
1 1
 \ 
ì \ 
\ 
00 02 
b ) * ° 
-0 500 
1000 
3000 
-3 500 
-4 000 
-4 SOD 
\ 
\ / \ / 
Í S -14 -13 -12 - I l -10 -0 9 -OS -0 7 -0 6 
EM 
Figure 11 : DPV of 6 (solid line) and 3l(PF6)2 (dotted line) in DMF a) in positive direction, b) in negative 
direction. 
If the reduction transitions are largely situated on the cluster cores, this double reduction 
wave could stem from two consecutive reduction steps, from 31 + to 31+ to 31°, with 
interaction of both iron-sulfur clusters via the platinum atom. In the DPV the observed 
difference in peak potentials ΔΕ
Ρ
 for the double reduction wave is 130 mV, which 
corresponds to a difference in half wave potentials ΔΕ1/2 of 133 mV l 0. This magnitude 
corresponds to a comproportionation constant IQ of 177, Kc being defined as [31+] / 
[31°][312+] l 0. If the reduction transitions are largely situated on the bridging platinum atom, 
the double wave implies that a stepwise reduction of Pt(IT) takes place, i.e. Pt(II) -> Pt (I) -> 
Pt(0). This means that the Pt(I) state is stabilized by the iron-sulfur clusters. This stabilization 
has for example been found for (Fc-C=C-)2Pt(PPh3)2 (Fc = (C5H5)Fe(C5H4))". 
The Ag+ complex compound 28+ and the Pt2+ complex 31 2 + probably have a different 
coordination geometry. In 28+ the silver atom is tetrahedrally coordinated by the sulfur atoms 
(see Section 0), but in 31 2 + the Ρΐ(Π) atom (having a d8 configuration) is likely to be 
coordinated in a square planar fashion (Figure 12). The electrochemical behavior of 
compound 31 2 + could therefore be another example of electronically coupled systems, of 
which many examples are already known (Creutz-Taube ion1 2"1 4). Most known examples are 
binuclear15"22. 
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Figure 12: Proposed structure of one of the diastereo-isomers of {(MeyStCp^iiFeASrPt-SffeaCp'iSMeiiiY* 
(312*) 
6.7 Reaction between 6 and Pt(PPh,)2CI2 
This reaction was also performed both as a DPV titration (in DMF) and on a preparative scale 
(in CH2C12). According to the DPV the reaction between 6 and Pt(PPh-))2Cl2 (molar ratio 6:Pt 
= 1:10) is complete after about a week. Since CV nor DPV give any information on the nature 
of the compound formed, the reaction was also performed on preparative scale. Thus 6 was 
reacted with Pt(PPh3)2Cl2 (molar ratio 6:Pt = 1.1) in CH2C12. Crystallization from 
CH2Cl2/hexane gave a black, airstable compound, which appears dark-red in solution. In the 
FAB mass spectrum the parent ion peak was found at 1280 a.m.u. (M+-l), corresponding to 
M+ = [(Me2SiCp'2)2Fe4S6Pt(PPhi)Cl]+ 32+. The isotope distribution pattern is in excellent 
agreement with the calculated pattern. The elemental analysis (C,H,S) also supports the 
assumption that 32(C1) is formed. 
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Figure 13: Ή NMR spectrum of 32(d) in CD¡CN (2 01 ppm) at 500 MHz S denota solvent impurities 
In the H NMR spectrum (Figure 13) the Cp' protons are observed as 12 signals with intensity 
1 and 2 signals with intensity 2, between 7 58 and 3 95 ppm Furthermore, two multiplets of 
total relative intensity 15, around 8 ppm due to 1 tnphenylphosphine ligand, and four signals 
of relative intensity 3 around 0 ppm, corresponding to the dimethylsilyl groups, are observed 
This is in accordance with the FAB MS and suggests the presence of a compound with 
composition [(Me2SiCp'2)2Fe4S6Pt(PPh3)Cl]Cl (32CI), with one of the two chloride ions 
filling the fourth coordination site around platinum (Figure 15) The presence of one РРЬз and 
one CI ligand trans to both coordinated disulfido sulfur atoms accounts for the lack of 
symmetry observed in the Ή NMR spectrum In the 31P-f Ή) NMR spectrum one singlet is 
found at 9 6 ppm (vs TMP), with a 'j 3 1P -195Pt coupling of 3263 Hz Since both the iron-
sulfur cluster and tnphenylphosphine are bulky ligands, the mono-chloro mono-phosphine 
coordination may be stencally driven 
In both the CV and the DPV (Figure 14) one electrochemically irreversible oxidation (ΔΕ
ρ
 > 
60 mV) at 0 04 V and one reversible reduction at 1 08 V are found 
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Figure 15: Proposed structure of l(Me2SiCp'2)2Fe4S6Pt(PPh,)Cll* (32*) 
6.8 Reaction between 6 and KAuBr4 
The reaction between 6 and КАиВгд in DMF was followed by DPV Upon addition of 
KAuBr4 to 6 only oxidation to 6
+
 was observed (ι e. the equilibrium potential shifts from 
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between the -1/0 and 0/+1 transition to between the 0/+1 and +1/+2 transition). This is not 
surprising in view of the strong oxidizing nature of Au(III). 
6.9 Reaction between 6 and Fe(CIO<)2 
When a solution of Fe(C104)2 in DMF was added to a solution of compound 6 in DMF and 
this was followed by means of DPV, no reaction was observed: the redox waves of 6 remain 
unaffected. Apparently Fe(II) has no affinity for the disulfido groups, which is surprising, as 
many Fe(II) complexes with a sulfur environment are known23"25. 
6.10 Electrochemistry 
The redox chemistry of the Fe4S6 ligated compounds 28-32 is not a simple superposition of 
the original redox transitions of the Fe4S6 cluster and metal complex. In Table 4 the 
electrochemical data are summarized. No differences were observed between the redox 
potentials of the complexes formed in situ and those that were prepared separately. 
Table 4: Electrochemical data of the complexes8 
Compound stoich. 
6 / 
28+ 1:2 
30+ 1:2 
312+ 1:2 
29+ 1:1 
32* 1:1 
* Measured in 0 1 M TBAH electrolyte. Potentials vs Fcu/+. Peak separation (when determined) in parentheses 
(mV) ь ΔΕρ < 60 mV c irreversible redox transition 
In general, upon complexation of 6 to a metal ion complex, the redox transitions move in 
positive direction. This can be explained by a simple donation of electron density to the metal 
2nd reduction 
-1.53b 
-1.16 
1sl reduction 
-1.68 
-1.38c 
-1.40b 
-1.03 
-1.21(57) 
-1.08(54) 
ls,oxid. 
-0.46 
-0.19(108) 
-0.27 
0.38 
-0.12C 
0.06(33) 
2nd oxid. 
0.04 
0.24(114) 
-0.20 
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ion. In contrast to 6, the species formed are not stable in multiple redox states. No 
electrochemically reversible oxidation waves are found, and only a few compounds undergo a 
reversible reduction. Of the 2:1 complexes, the Pt(H) bridged 31 2 + seems to be a complex in 
which both redox centers are electronically coupled. 
6.11 Conclusions 
The nucleophilic sulfur atoms of the two disulfido groups of the Fe4S6 cluster compounds are 
susceptible to electrophihc attack by late (soft) transition metal ions. When the metal ion is 
coordinated by weakly bound ligands, they are substituted by the sulfur atoms, giving 
complexes with two iron-sulfur cluster molecules coordinating to the metal ion (Ag+, Cu+, 
Pt2 +). When the incoming ion is coordinated by more strongly bound ligands, 1:1 complexes 
are formed (Rh(COD)+, Pt(PPh3)Cl+). 
Most of the compounds formed are airstable and can be isolated as crystalline solids. The 
Fe 4S 6 clusters act as bidentate disulfur ligands The sulfur atoms are cis-fixed, and the 
distance between them is probably somewhat variable (see Chapter 4). Some examples of 
transition metal containing disulfur ligands have been reported, such as Cp(CO)2FeCS2~ and 
(PPh3)2(Cl)PtCS2" Pt(H)-complexes of the latter two metallohgands have been studied26. In 
these examples the sulfur atoms are not bound to a metal but to a carbon atom. Some 
examples from literature of disulfur-metalloligands in which sulfur is bonded to metal atoms 
are [Cp2Cr2SCMe3)^3-S)2]RhL2 (L2 = COD or (CO)2)2 7 (Figure 16); [(CO)6Fe2S2]ML (ML = 
Pt(PPhi)2 2 8, Ni(l,5-COD)29) and [Cp*2Ru2(RS)2(S2)]Pt(PPh3)230, in which a disulfido group 
is transformed into two mono sulfido groups upon addition of a metal complex (Figure 16), 
[(PPh3)4Pt2S2]ML3 1 (ML = GaCl2+, InCh) which have two mono sulfido groups (Figure 16) 
and [CpTi(SCH2CH2CH2S)2]ML3 2 (ML = Cu(PMe3), Rh(NBD)) in which the sulfur atoms 
belong to thiolate groups. Likewise, some organometallic sulfur complexes with two or more 
(hetero)metal atoms can be regarded as coordination complexes of a organometallic sulfur 
containing ligand and a sulfur coordinated metal atom. Examples are [Cp2NbS2]2Mo , 
[{Cp2Cr2(RS)S2}2M]n + (M = M n ' 4 " , Fe" , Cr36, Co3 7, η = 0; M = Fe 3 8, n=l). In most of these 
latter compounds additional stabilization is obtained from metal-metal bonding between the 
central metal atom and the peripheral metal atoms (see Figure 16). 
Nucleophilic Reactions ofFe4Su Cluster Compounds towards Metal Complexes 155 
СМе, 
/ э Ln 
S / 
/ \ со sv — м 
С р — C r —Cr Ср \Χ/ "ХгН8 ^ »Χ-!-' 
s \ / s C 0 \ \ / CO \ \ / 
Rh / F e ^ C O /*-
/ \ c ° c o CO^o 
lp Í P r \ / Ì P r 
P r
4 .'Pr S . . S 
s. 
К
 r
 Co·^  /^..-Cp. 
, / ^ Д р _ C p · [MLni C P ' ^ R ^ "'RU' 
\ 
s s 
\ / s s 
M 
I 
Ln 
Ln 
M 
S ^ S / \ 
¿X\ 
P h 3 P ^ N T PPh3 ^ И P , \ ^ p P h 
PhJ»' PPh3 Ph 3 P-^/ \JL 3 3
 Ρ η , , ρ ' P P h j 
Nb^ Ч М о / V „ / ? ( / V VÎrXs^CMe3 ч /\ /\ /ср ; * Л / Nb Mo Nb / Ν / M л , 
4 Ч ^ \ 7 "ср -
З
с-Ч іЛ^  / \ β
χ Cp S S Cp 
S 
0 : s ^ 4 /s^f^7 
^ p - S S Cu(CH3CN)4BF4 / r = ^ S S 4 / ^ _ > = - / 
^
S > * ^ * 
^s 
Figure 16: Some examples ofmetalloligands and their complexes 
Some of the complexes of 6 with metal ions posses a rich electrochemistry (28+, 31 +, 32+), 
which is at least partly the result of 6 being able to attain several oxidation states Many redox 
switchable metalloligands are known 9, and most of them are based on ferrocene " , e.g the 
doubly Si-bridged ferrocenophane Fe(Cp(S3)2Cp) (see Figure 16) 
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The side-voided cubane clusters [(RS^FesSJ 2 3 can also be regarded as metalloligands, or 
rather, cluster ligands45"47 (Figure 17) Other examples of these cluster ligands are Mo and W 
containing side-voided metal sulfur cubane clusters48 49. The Cp stabilized iron-sulfur cluster 
6 can also be regarded as a cluster ligand. 
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Figure 17: (ÄS^FiA as cluster ligand 
The newly formed compounds may be useful in catalysis, as the cluster ligand can act as 
electron sink and/or well This may facilitate catalytic cycles in which the central metal atom 
undergoes change(s) of oxidation state 
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6.12 Experimental section 
General Methods 
All manipulations were earned out under purified dinitrogen atmosphere, using standard 
Schlenk techniques, unless indicated otherwise The general procedure for differential pulse 
voltammetry (DPV) titrations was as follows A sample of 6 (or 9), usually around 4 mg, was 
dissolved in appropriate solvent containing 0 1 M TBAH in a electrochemical cell A CV 
and/or a DPV was recorded as reference Subsequently the metal complex of interest, 
dissolved in the same solvent containing electrolyte, was added in steps, of usually 0 25 
equivalents each, and after each addition a voltammogram was recorded In some cases, the 
metal complex was titrated with 6, in the same way as described above In all cases, a 
voltammogram of the metal complex alone was recorded, for comparison 
DME was distilled from K/benzophenon For additional experimental details, see Chapters 2 
and 3 
Syntheses 
[(Me2SiCp'2)2Fe4S6-Ag-S6Fe4(Cp'2SiMe2)2](PC>2F2) (28(P02F2)) 118 mg of 6 (0 15 mmol) 
was dissolved in 50 ml of THF To this solution 65 mg (-0 3 mmol) of AgPFe (MW = 
252 83, later confirmed to be mainly AgP02F2, MW = 208 84) in 50 ml of CH3CN was added 
and the resulting solution was stirred for 16 h, then filtered over hyflo and evaporated to 
dryness in vacuo The resulting black solid was purified by recrystalhzation from 
CHiCN/diethylether Yield 88 mg 28(P0 2F 2) 3 (0 05 mmol, 66%) Subsequent 
recrystalhzation from ethanol/hexane in air yielded 28(P02F2) Ή NMR (CD3CN) δ 7 22, 
5 31, 4 97, 4 69, 4 53, 4 14 (all bs, 6x 4H, C 5H 4), 6 20 (bs, 8H, C,H4), 0 16 (bs, 24H, 
Si(CH3)2) FAB MS 28(P0 2F 2) 3 1683 (28+-l, 6%), 896 ([28-6]+, 7%), 788 ([28-6-Ag]+, 
56%) 
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[(Me2SiCp,2)2Fe4S6Rh(COD)](Cl) (29(C1)). 65 mg of 6 (0.082 mmol) and 11 mg of 
Rh2(COD)2Cl2 (0.045 mmol Rh) were transferred to a reaction vessel and 35 ml of MeOH 
was added. The reaction mixture was stirred for 16 h, and filtered to separate off a black 
residue (which is pure 6 according to CV). The black filtrate was evaporated in vacuo to give 
29(C1). Recrystallization of the resulting residue from CH2Cl2/hexane yielded a black, 
insoluble decomposed product FAB MS 29(C1)· 999 (29+, 50%); 891 ([29-COD]+, 15%); 
859 ([29-COD-S]+, 5%); 827 ([29-COD-2S]+, 42%). 
In situ Ή NMR spectrum. 10 mg 6 (0.013 mmol) and 3.1 mg Rh2(COD)2Cl2 (0.013 mmol 
Rh) were brought into an NMR tube. 1 ml of CDCh was added and the Ή NMR spectrum 
was recorded. The deuterated solvent was subsequently evaporated, 1 ml of CD3CN was 
added and the Ή NMR spectrum was recorded. Ή NMR (CD3CN): δ 7.44; 6.68; 6.27; 5.31; 
5.15; 5.01; 4.44; 3.98 (all m, 8x 2H, C¡H4); 4.83 and 4.51 (2x m, 2x 2H, -CH=CH-), 2.64; 
2.40; ±2.3 (partly obscured by H20) (3x m, 8H, -CH2-CH2-); 0.15; 0.09 (2x s, 2x 6H, 
Si(CH3)2). 
[(Me2SiCp'2)2Fe4S6-Pt-S6Fe4(Cp'2SiMe2)2](PF6)2 (31(PF6)2) 55 mg of 6 (0.070 mmol) was 
dissolved in 25 ml of THF. 15 mg of K2PtCl4 (0 036 mmol) dissolved in 15 ml of H 2 0 was 
added. The resulting solution was stirred for 6 days and evaporated to dryness in vacuo. The 
resulting black residue was dissolved in MeOH in air, and added to a saturated solution of 
NH4PF6 in MeOH. A brown-black solid precipitated immediately and was filtered off. After 
addition of 10% v/v of diethylether a second brown-black colored precipitate was obtained 
and filtered off. The combined solids were recrystallized from acetonitrile/diethylether. Yield 
42 mg (0.02 mmol, 57%). Ή NMR (CD-,CN): δ 5.26 (s, 6H, С 5Н 4); 7.64; 7.58; 6.81; 6.63; 
6.54; 6.50; 5.53; 5.41; 5.36; 4 75; 4.69; 4.22; 4.16 (13х s, 13х 2Н, С И , ) ; 0.20; 0 18; 0.17; 
0.16 (4х s, 4х 6Н, Si(CH3)2). FAB MS 31(PF6)2- 1771 (31+, 1%); 756 ([6-S]+, 8%); 724 ([6-
2S]+, 10%). 
[(Me2SiCp'2)2Fe4S6Pt(PPh3)Cl](Cl) (32(C1)). 54 mg of 6 (0.069 mmol) and 54 mg of 
Pt(PPh3)2Cl2 (0.069 mmol) were brought in a reaction vessel and 50 ml of CH2C12 was added 
This mixture was stirred for 6 days and was than layered with hexane. After two weeks 
parsley-like crystals had appeared. The supernatant was decanted and the black residue was 
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washed with hexane and dried in vacuo. Yield 0.02 g (0.015 mmol, 20%). Ή NMR 
(CD-,CN)· δ 7 91 and 7.71 (2 χ m, I5H, Р(С6Н5)з); 7.58; 7.55; 6.69; 5.72; 5 28; 5.02; 4.89; 
4.67, 4 54; 4.19, 4 07; 3.92 (12х s, 12х IH, С5Н4); 6.44 and 5.32 (2х s, 2х 2Н, C5lh) 0.18; 
0.14; О 10; 0.05 (4х s, 4х ЗН, Si(CH-02) М Р NMR (CH3CN). δ 9.6 ppm ('jp.p, 3263 Hz). 
FAB MS 32(C1): 1296 ([32+0]M, 2%), 1280 (32+-l, 20%); 787 (б+-1, 2%). Anal. Caled 
(Found) 32(С1).СН2С12: С 36.85 (35.74); Η 3 24 (3.26); S 13.72 (13.50). 
Structure determination 
[(Me 2SiCp' 2) 2Fe 4S 6-Ag.S 6Fe 4(Cp' 2SiMe 2) 2](P0 2F 2).C 2H 60 28(P0 2 F 2 ).C 2 H 6 0. A black 
crystal of dimension 0.08 χ 0 22 χ 0 25 mm was mounted in a glass capillary with a drop of 
ethanol/hexane mixture. The capillary was sealed off with sealing wax. The unit cell 
dimensions of the crystal were determined from the setting angles of 25 reflections in the 
range 20° < 2Θ < 31°. Crystal data are given in Table 5. The position of the non-hydrogen 
atoms were found from an automatic orientation and translation search using ORIENT and 
T R A C O R ' " with an Fe4S6 fragment of 6 as a search model, followed by a phase refinement 
procedure to expand the fragment (DIRDIF''2). The Fourier map showed the presence of two 
ethanol molecules and two PF2O2' ions in the unit cell; one PF2O2 ion around the symmetry 
center at ¥1 Vi ¥2 and the other at the general position x, y, ζ with an averaged occupation 
factor of г The hydrogen atoms were placed at calculated positions (C-H 0.93 A for the 
cyclopentadienyl- and 0.96 A for the methyl-hydrogen atoms respectively) and refined in a 
riding mode using a temperature factor 1 2 times the equivalent temperature factor of the 
adjacent carbon atoms An additional empirical absorption correction based on F0-IFCI was 
applied using DIFABS" on the original unmerged F 0 values. The structure was refined by 
full-matrix least-squares on F 0
2
 values using SHELXL44 with anisotropic parameters for the 
non-hydrogen atoms. The P2F2O2 ions were refined with a constrained idealized geometry. 
The refinement converged at R-value of 0.072 The function minimized was Zw(F0 -Fc~) 
with w = l/[a2(F„2) + (0 0578*2/3*F
c
2)2]. 
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Table 5: Crystallography data for 2e(PF 202).C 2H 60 
Empirical formula 
Formula weight 
Τ 
Space group 
a (λ) 
b(À) 
с (À) 
α(°) 
ß(°) 
γ О 
V ( À 3 ) 
Ζ 
D
ca
ic (g/cm3) 
radiation 
μ (ΜοΚα) (cm"1) 
R a 
wR 2
a 
G o o F a 
C5oH56AgF2Fe803PS12SÌ4 
1825.67 
293(2) 
Pr (No. 2) 
14.505(1) 
15.986(2) 
16.310(2) 
78.48(1) 
66.28(1) 
78.27(1)° 
3360.7(7) 
2 
1.804 
ΜοΚα 
24.54 
0.0722 
0.1438 
1.063 
* definitions are as those for compound 3, Chapter 2 
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CHAPTER 7 
Nucleophilic Reactions of Cp-Iron-Sulfur Cluster 
Compounds towards S0 2 and CO2 
7.1 Introduction 
From the work of Kubas it is known that iron-sulfur clusters with disulfido groups can react 
with gaseous molecules He found that the disulfido groups in CpJ^Ss and Cp4Fe4S6 react 
with SO2 to give weakly bound donor-acceptor complexes' We have investigated the 
reactivity of cyclopentadienyl and МегБі bridged cyclopentadienyl iron-sulfur clusters 
towards SO2 and CO2 using electrochemical methods 
7.2 S0 2 
Judged by cyclic voltammetry all iron-sulfur clusters with disulfido groups interact with S0 2 
The effect of SO2 bonding on the CV is illustrated for 6 in Figure 1 Depending on the iron-
sulfur cluster the 0/+1 transition shifts between 40 and 140 mV (see Table 1) The magnitude 
of the shift of the 0/+1 transition are dependent on the temperature Since the measurements 
were not performed under isothermal conditions, the numbers in Table 1 can only be an 
approximate value In the CV all other oxidations of the iron-sulfur clusters compounds seem 
uninfluenced However, in the DPV of 6 it can be seen that its +1/+2 transition also shifts 
slightly under S0 2 atmosphere (Figure 2) The reductions of the compounds could not be 
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studied as the negative side of the potential window in SO2 atmosphere is limited to -0.6 V 
vs. Fc0 / +. Upon purging the solution with N2 to remove SO2, the initial CV or DPV pattern of 
the iron-sulfur clusters is obtained again, which demonstrates the reversibility of the 
interaction between cluster and SO2. This reduces the possibility that SO2 adsorbs onto the Pt 
working electrode2 and thus alters the redox pattern of the cluster compounds. 
The shift of the redox potential of the 0/+1 transition can be explained by a C
r
Er mechanism3 
(Scheme 1). 
kf> 
cluster(S02)n * cluster + η SO2 
kb 
cluster 4—- [cluster]+ + e" 
Scheme 1 
The behavior of this system depends on the magnitude of both the first-order rate constants, kr 
and kb, and the equilibrium constant, K. From the magnitude of the shift the pre-equilibrium 
constant could be determined1, provided the concentration of SO2 is known. The saturation 
concentration of SO2 in CH2CI2 however, is temperature dependent, and since the exact 
temperature of the solution is not known, it is not possible to calculate the pre-equilibrium 
constant with these data. 
0 0 0 0 2 0 0 4 0 06O 0 8 0 1СЮ 120 I 40 
EIV) 
Figure 1 : CV of 6 in CH2CI2 under N2 (thick line) and S02 atmosphere (thin line) at room temperature 
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Figure 2: DPV of 6 m CH2CI2 under N2 atmosphere (solid line) and S02 atmosphere (dashed line) at room 
temperature 
Table 1 : Oxidation potential' of iron-sulfur clusters under N2 and S0 2 atmosphere 
compound 0/+1 transition (V) 
under N2 under S0 2 AEm (mV) 
5 
6 
7 
9 
Cp4Fe4S5 
-0 41 
-0 45 
-0 38 
-0 45 
-0 62 
-0 36 
-0 37 
-0 34 
-0 37 
b 
50 
80 
40 
80 
' in CH2CI2, V vs FC/FL* Measured at room temperature accompanied by decomposition of the cluster 
The reactivity of sulfur dioxide towards transition metal compounds has been studied for a 
large number of compounds4 s SO2 can act as a ligand towards metal atoms6 8 or bind (sulfur 
containing) ligands9 l 4 With metal hydride complexes reduction of SO2 can take place" 15 
Kubas proposed that S0 2 binds to the electron rich sulfur atoms of the disulfido ligands 
From elemental analysis he concluded that 9 binds two S0 2 molecules
1
 We think the same 
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interaction is present between SO2 and 5, 6 and 7 Since at one hand the shifts in redox 
potential observed for 6 and 9 are almost identical, and on the other compounds 6 and 9 are 
very much alike (see Chapters 3,4 and 6), it is likely that 2 molecules of SO2 bind to the two 
disulfido groups of 6 as well and therefore, to one cluster molecule (see Figure 3) With these 
data it is impossible to draw any conclusions about the number of SO2 molecules binding to 5 
and 7 
°\\ 
\ Fe / X S 
Figure 3: Probable mode of binding of two S02 molecules to an Fe^n cluster (Cp hgands omitted for clarity) 
7.3 C0 2 
When the cyclic voltammogram of the iron-sulfur clusters 5, 6, 7, 9 or Cp4Fe4Ss was recorded 
in CH2CI2 under CO2 instead of N2 (Figure 4), the 0/-1 transition changes, and at low 
scanning rate a catalytic wave is observed 
The catalytic nature of the 0/-1 reduction wave becomes very clear when the current (I) is 
corrected for the scan rate, 1 e is divided by the square root of the scan rate (v ) For a 
strictly reversible transition the waves should then be identical, since the current is 
proportional to the square root of the scan rate3 Under CO2 atmosphere the scan rate 
corrected reduction current is however found to increase at lower scan rates and the oxidation 
process in the back scan is not longer observed (Figure 6) This means that CO2 is reduced by 
the cluster mono-anion, thus regenerating the neutral cluster (Figure 5) 
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Figure 4: Cyclic vollammograms in DMF of 6 at 100 mV/s under N2 atmosphere (solid line) and under I atm. 
of C02 atmosphere (dotted line). 
C' 
CO­
CO, 
Figure 5: Catalytic cycle during electrochemical reduction ofC02- С denotes iron-sulfur cluster. 
According to the literature16 one electron reduction of CO2 yields the radical anion CO2", 
which can follow different reaction pathways, depending on reaction conditions (Scheme 2). 
In protic media (even Bu4N+ can act as a proton donor) usually formate HCO2' is formed 
(after a second reduction step)16. Under strict aprotic conditions oxalate C2O4 " can be 
formed, or CO 1 6 1 7 . To investigate the fate of the reduced C0 2 we used the Optically 
Transparent Thin-Layer Electrochemical (OTTLE) cell18 to record IR spectra during 
electrolysis of 5 (Figure 7) and 6 (Figure 8) in CH2CI2 at a potential close to the E1/2 of their 
0/-1 redox transition. The reduction of CO2 proved to be slow, since the peak at 2337 cm" of 
free CO2 only very slowly diminished in intensity. (To measure the diminishing of CO2 
accurately, the intensity of the UC02 shoulder, indicated in the Figures, is a better reference). 
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Figure 6: CV reduction waves of 6 in DMF under C02 atmosphere at different scan rates The current is 
corrected for the scan rate 
Scheme 2 
C 0 2 + e 
(C4H9)N+ 
l ) 2 C 0 2 
-+ CO2 
—> C 4 H 8 + (C4H9)iN + H+ 
• C 2 0 4
z 
2) CO2 + H+ + e • HCO2 
3) CO2 + 2H+ + e 
4 ) C 0 2 + C 0 2 + e 
-». CO + H2O 
-». CO + CO32 
After 20 min some peaks around 1650 cm ' became visible, indicating the formation of a 
carboxylic species, 1 e formate or oxalate Since TBAH was used as the supporting 
electrolyte, the formation of formate is considered more likely No peaks corresponding to 
CO were observed at any time During electrolysis of 5 two peaks at 1682 cm ' and 1660 cm 
grew steadily but with different rate in intensity The first peak appeared to decline as the 
experiment was carried on This implies that two different products are formed of which one 
is not stable for longer periods During electrolysis of 6 a peak at 1660 cm ' grew steadily in 
intensity, and a peak at 1619 cm ' started to grow in at a later state A peak at 1682 cm ' 
showed an initially fast growth, but declined as the experiment was earned on This suggests 
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the occurrence of an intermediate species, which is not stable and is converted to a second 
product, e.g. the one causing the peak at 1619 cm"1. 
Figure 7: Time dependent IR spectra during electrolysis of 5 under C02. The arrows denote the time 
dependency. 
2Э70 ?Э60 ? й ?J<0 РЭЭО 7Ì70 ?5I0 ?300 ??90 |7&o 17« 17Î0 1700 ]6β0 ІБ60 16M 1620 1600 ΙϋβΟ 1560 1Ы0 
Figure 8: Time dependent IR spectra during electrolysis of 6 under CO* The arrows denote the time 
dependency 
The reduction of C0 2 takes place at the 0/-1 reduction of the disulfido bearing iron-sulfur 
clusters, which ranges from -1.76 to -1.53 V vs. Fc0/+ (see Chapter 3) Compound 5 has the 
highest reduction potential (-1.53 V). In the absence of a catalyst, the reduction of CO2 
requires much lower potentials (-2.7 V vs. Fc0/+' l 9 ). The electrochemical reduction of CO2 
can therefore be performed at about 1 V higher potential in the presence of an iron-sulfur 
cluster catalyst. The reaction is truly catalytic as the cluster is regenerated upon reduction. 
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To investigate the fate of a catalyst upon repeated catalytic cycles we performed controlled 
potential electrolysis of a solution of 6 in DMF/TBAH (0 1 M) under CO2 atmosphere. The 
current proved to be constant for 2-3 hours, and did not decline markedly until 6 mole 
electrons were passed per mole catalyst. After that the current started to decline slowly 
The mono-alkylated cluster compound 23+ did not show any activity towards CO2 reduction 
The CV's recorded in DMF under N2 and CO2 atmosphere were perfectly supenmposible for 
a large range of scan rates 
7.4 Attempted reactions with H2, C2H4 and CO 
We also investigated the reactivity of the above mentioned iron-sulfur clusters, towards H2, 
C2H4 and CO, but were unable to detect any interaction No change in the CV or DPV was 
observed, on going from a N2 atmosphere to an atmosphere of H2, C2H4 or CO We hoped 
that the disulfido groups of 5, 6, 7, and Cp4Fe4S5 or the tetrasulfido group of 5 would react 
with molecular hydrogen, parallel to the reaction of CP2M02S4 with H2 Apparently the 
sulfido groups in the iron-sulfur clusters are inert towards addition of H atoms Likewise, 
addition of ethene to the sulfur atoms did not take place, in contrast to some dinuclear Cp-
molybdenum-sulfur compounds (Scheme 3)2'22 
CpMoÇT ^ ^ M o C p 
\ / 
»<4 
+ H2C=CHR 
CpMoKT ]^MoCp 
Ч\\--/ г S " S 
\ / 
,Λ. 
Scheme 3 
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7.5 Conclusions 
The disulfide» group containing clusters 5, 6, 7 and 9 react reversibly with SO2 The 
electropositive sulfur atoms of SO2 probably interact with the electron rich sulfur atoms of the 
clusters The interaction results in a shift in half-wave potential of the cluster0'"1"' transition 
Although many research groups have reported catalytic reactivity of [Fe4S4(RS)4]2 cluster 
compounds, including benzoin oxidation23, ester hydrolysis24, ethyne reduction2S 2 and 
reduction of carbon dioxide"27, we think that the catalytic reduction of CO2 is the first 
example of catalysis performed with cyclopentadienyl stabilized iron-sulfur clusters 
Many systems which reduce CO2 electrocatalytically have been reported, e g the 
aforementioned [Fe4S4(RS)4]2 1 9 2 7 , [Pd(tnphosphine)(CH3CN)](BF4)2 2 8 and derivatives 
thereof29, [Ru(bipy)2(CO)2](PF6)2 and derivatives thereof30, [M(tpy)2](PF6)2 (M = Fe, Co, N1, 
tpy = terpyndine)31, Fe(TPP) (TPP = tetraphenylporphynn)17, [Си2(Ц-РРЬ2Ьіру)2І^](РРб)232, 
[(MCp*)^3-S)2]2+ (Figure 9, M = Rh11, Ir, Co34) and many others3542 Some of these 
catalysts and the potentials at which they reduce CO2 are listed in Table 2 From the data it 
can be concluded that our catalysts operate at a fairly high potential, 1 e with the least amount 
of over-potential (1 e activation energy) required Our system also seems to be more stable 
than the thiolate stabilized iron-sulfur clusters, since we found no decomposition of the 
cluster compounds, in contrast with the reports on the thiolate stabilized iron-sulfur clusters27 
It is difficult to compare reduction rates as reaction conditions are not always equal for the 
different catalysts In some cases, there is a substantial increase in reduction rate when a 
proton donor is added (see Scheme 2) 
2+ 
In most of these and other cases the authors propose the 
c
 ._„ ι
 M c . formation of a vacant site at the metal center to 
coordinate CO2 as the first step This seems very 
S unlikely for our system, as in the Cp iron-sulfur clusters 
Figure 9: Structure of [(МС
Р
*),(ц, S)2f t h e F e a t o m s m coordinative saturated and shielded 
from the incoming ligands We think that CO2 interacts 
with the very nucleophilic sulfur atoms in the reduced iron-sulfur clusters The compounds 5, 
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6 and 9 react with CH2CI2, as was shown in Chapters 3 and 4. Since reaction of 6 and 9 with 
CH2CI2 involves nucleophilic substitution of the chloride substituents, it is very likely that the 
reduced clusters 6" and 9" react even faster with this solvent. Still, control reduction 
experiments with 5, 6 and 9 (and the other clusters) in CH2CI2 without CO2 showed no 
notable change in the CV pattern under the conditions used. 
Table 2: Some examples of homogeneous catalysts for the electrochemical reduction of C0 2 
Catalyst 
-
5 
Fe4S4(SCH2Ph)42" 2 7 
[Ru(bipy)2(CO)2](PF6)2 3 0 
Fe(tpy)2(PF6)2 3 1 
Co(tpy)2(PF6)231 
Ni(tpy)2(PF6)231 
FeTPP ' 7 
[Cu2(H-PPh2bipy)2L2](PF6)2 
(L = CHjCN, p y ) 3 2 
[(МСр*МЦз-8)2]2+ 3 3 ' 3 4 
[Pd(tnphosphine)(CH1CN)] 
(BF 4 ) 2 2 8 · 3 9 
Solvent 
DMF 
DMF 
DMF 
C2H,OH/H20 8:2 v/v 
DMF 
DMF 
DMF 
DMF/CF3CH2OH9:l v/v 
CH3CN 
CHiCN 
DMF/H3PO4 (0.1 M) 
Ea 
-2.419 
-1.53 
-1.9 
-1.75b 
-1.5 
-1.9 
-1.6 
-2.1 
-2 0 
-1.9-
-1.6-
-1.3 
-1.2 
product(s) 
C2O42", HCO2, CO 
HCO2 ? 
HCO2, PhCH 2C0 2 · 
CO, HCO2H 
HCO2, H 2 C=0 
нсо2 
HCO2", H 2 C=0 
CO 
CO, CO32' 
H C 0 2 "
c
 or C 2 0 4
2 d 
CO + small amount 
ofH 2 
Potential at which the catalytic electrolytic reaction has been performed The value is calculated to V vs Fc 
where possible. ь vs Ag/Ag+ in C2H,OH/H20 8 2 v/v) c Bu4NBF4 (1 5 mM) used as electrolyte d L1BF4 (1.5 
mM) used as electrolyte. 
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7.6 Experimental Section 
General Methods 
All manipulations were carried out under purified dinitrogen atmosphere, using standard 
Schlenk techniques, unless indicated otherwise The OTTLE cell is described in the 
literature18 Measurements were performed by Dr F Hart! at the University of Amsterdam. 
Samples were prepared by dissolving the iron-sulfur cluster compounds in CH2O2 
(concentration approximately 103 M), saturating the solution with CO2 and transferring the 
solution into the OTTLE cell 
The other experiments with gases were performed with a gas-tight electrochemical cell The 
solutions of cluster in electrolyte were bubbled through with the gas Subsequently a pressure 
of approximately 1 atm of the gas was applied and the electrochemical measurements (CV, 
DPV) performed 
SO2 (HoekLoos, 3 8), C02 (HoekLoos, 4 0), H2 (HoekLoos, 3 0), C2H4 (Union Carbide, 2 7) 
and CO (HoekLoos, 3 0) were used as received 
CV's and DPV's under S02 were recorded in CH2C12/TBAH (0 1 M) for 5, 6, 7, 9 and 
Cp4Fe4S5 CV's under C02 were recorded in CH2C12/TBAH (0 1 M) for 5, 6, 7, 9 and 
Cp4Fe4S, and in DMF/TBAH (0 1 M) for 6 and 23(PF6) 
Controlled potential electrolysis was performed in a two compartment cell, separated by a 
glass frit A large area gold electrode was used as working electrode In the counter 
compartment a Pt gauze electrode was submerged in a solution of ferrocene in DMF/TBAH 
(0 1 M) 19 0 mg of 6 was electrolyzed m DMF/TBAH (0 1 M) The solution was stirred and 
CO2 was bubbled through, for 6 h 
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Summary 
Cyclopentadienyl iron-sulfur clusters are compounds in which clusters of iron arid sulfur 
atoms are stabilized by T|5-cyclopentadienyl (Cp) ligands. Two classes of Cp cluster 
compounds were known thus far: the dinuclear species Cp2Fe2S4, and the cubane-type 
clusters compounds Cp4Fe4S
n
 (n = 4,5,6). This thesis describes the synthesis, characterization 
and reactivity of several Cp iron-sulfur cluster compounds. These clusters have been prepared 
by reaction of elemental sulfur with the compounds (Cp'-X-Cp')Fe2(CO)4 (Cp' = C5H4), in 
which X = SiMe2 and СМег bridges between two T|5-cyclopentadienyl fragments. These 
compounds were prepared, either by improvement of literature methods or by newly 
developed synthetic routes. 
The thermal reaction of Me2SiCp'2Fe2(CO)4 with elemental sulfur yields two cluster 
compounds: (Me2SiCp'2Fe2)2Fe4S6, which contains two sulfido groups and two disulfido 
groups, and (Me2SiCp'2Fe2)2Fe5Si2, which contains four disulfido groups and one tetrasulfido 
group. The former compound resembles the known compound Cp4Fe4Se both in structure and 
in spectroscopic and electrochemical properties. It displays however, a remarkably enhanced 
thermal stability towards sulfur loss. The FesS^ compound possesses a novel, and for Cp-
îron-sulfur clusters unprecedented, bow-tie type of structure. The photochemical reaction of 
Me2SiCp'2Fe2(CO)4 with elemental sulfur yields the Fe4S6 cluster (Me2SiCp'2Fe2)2Fe4Se(CO), 
which contains one residual terminal CO ligand. For this cluster a likely structure is 
proposed. 
Preliminary results suggest that the thermal reaction of Ме2ССр'2ре2(СО)4 with elemental 
sulfur yields the Fe4Sö cluster compound (Me2CCp'2Fe2)2Fe4Se. 
The reactivity of the Cp iron-sulfur clusters, especially of the Fe4Se clusters, has been 
extensively explored. It proved to be possible to alkylate the Fe4S6 clusters at one or both of 
the η'-sulfur atoms of the two disulfido groups present in the molecule. The mono- or di-
alkylation was found to have a profound effect on the electrochemical properties of the 
clusters. 
Upon mono- or di-alkylation with long alkyl chains, the Cp-iron-sulfur clusters become 
amphiphilic. The resulting aggregation behavior has been studied in some detail. 
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Electrochemical studies reveal that the di-alkylated cluster compound 
[(Me2SiCp'2Fe2)2Fe4S6(Ci6H-u)]2+ adsorbs onto a platinum electrode surface upon reduction 
It is known from the literature that Cp4Fe4S6 reacts with Ag
+
 salts to give [(Cp4Fe4S6)2Ag]3+, 
in which the central silver atom is coordinated to four disulftdo η'-sulfur atoms of two Fe4Só 
cluster moieties We found that (Me2SiCp2Fe2)2Fe4Sô complexes Ag+ as well as other late 
transition metal ions Complexes of composition [(Me2SiCp'2Fe2)2Fe4S6-M-
(Me2SiCp'2Fe2)2Fe4S6]n+ (M = Ag, Cu en Pt) and [(Me2SiCp,2Fe2)2Fe4S6-M-L]n+ (M = Rh, Pt) 
(L = additional hgand(s)) have been synthesized 
Finally, we found that the disulfido containing Cp iron-sulfur clusters catalyze the 
electrochemical reduction of carbon dioxide 
Samenvatting 
Cyclopentadienyl ijzer-zwavel clusters zijn verbindingen die bestaan uit ijzer- en 
zwavelatomen, en gestabiliseerd worden door T|5-cyclopentadienyl (Cp) liganden Twee 
soorten Cp-ijzer-zwavel clusters waren al bekend de dinucleaire verbindingen Cp2Fe2S4 , en 
de kubaan-achtige clusters Cp4Fe4Sn, waarbij n = 4, 5 of 6 Dit proefschrift beschrijft de 
synthese, karakterisering en de reactiviteit van verscheidene Cp ijzer-zwavel clusters Deze 
clusters zijn gemaakt door elementair zwavel te laten reageren met de (Cp'-X-Cp')Fe2(CO)4 
(Cp' = C5H4) verbindingen, waarbij X = SiMe2 and CMe2 brugt tussen twee η 5-
cyclopentadienyl fragmenten Deze verbindingen zijn gemaakt zowel door middel van 
verbeterde literatuur syntheses als nieuw ontwikkelde synthese routes 
De thermische reactie van Me2SiCp2Fe2(CO)4 met elementair zwavel levert twee clusters op 
(Me2SiCp'2)2Fe4S6, dat twee sulfido en twee disulfido groepen bevat, en (Me2SiCp'2)2Fe5Si2, 
dat vier disulfido en een tetrasulfido groep bevat De eerste verbinding lijkt erg op de bekende 
verbinding Cp4Fe4Sn, zowel qua structuur als qua spectroscopische en electrochemische 
eigenschappen De dimethylsilyl gesubstitueerde verbinding is daarentegen thermisch veel 
stabieler t a v verlies van zwavel atomen De FesSi2 verbinding bezit een voor Cp ïjzer-
zwavel clusters onbekende strik vorm De fotochemische reactie van Me2SiCp2Fe2(CO)4 met 
elementair zwavel leidt tot de vorming van een ijzer zwavel cluster met nog een CO ligand in 
het molecuul, (Me2SiCp 2)2Fe4S6(CO) 
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Er zijn duidelijke aanwijzingen dat de thermische reactie van Me2CCp'2Fe2(CO)4 met 
elementair zwavel leidt tot de vorming van een Fe4S6 cluster verbinding, (Me2CCp'2)2Fe4S6 
Er is uitvoerig gekeken naar de reactiviteit van de Cp ijzer-zwavel clusters Het bleek 
mogelijk om de Fe4S6 clusters te alkyleren, op de η'-zwavel atomen van de disulfido groep 
Deze mono- of dialkylenng bleek een groot effect te hebben op de electrochemische 
eigenschappen van de clusters 
Door (Me2SiCp'2)2Fe4S6 te mono- of dialkyleren met lange alkyl staarten, ontstaan er 
amfifiele moleculen Het aggregatiegedrag van deze moleculen is enigszins gedetailleerd 
bestudeerd Electrochemische studies tonen aan dat het digealkyleerde cluster 
[(Me2SiCp'2Fe2)2Fe4S6(Ci6H13)]2+ aan een platina electrode adsorbeert tijdens reductie 
Het is bekend uit de literatuur dat Cp4Fe4S6 reageert met Ag
+
 zouten tot [(Cp4Fe4S6)2Ag]3+, 
waarbij het centrale zilver atoom gecoördineerd zit aan de vier disulfido η -zwavel atomen 
van de twee Fe4Sô clusters Uit ons onderzoek is gebleken dat (Me2SiCp'2)2Fe4S6 ook Ag+ 
complexeert, alsmede andere late overgangsmetalen Complexen met samenstelling 
[(Me2SiCp,2Fe2)2Fe4S6-M-(Me2SiCp,2Fe2)2Fe4S6]n+ (M = Ag, Cu en Pt) en 
[(Me2SiCp'2Fe2)2Fe4S6-M-L]n+ (M = Rh, Pt) (L = extra hgand(en)) zijn aldus gesynthetiseerd 
Tenslotte bleek ook nog dat de disulfido groep bevattende Cp ijzer-zwavel clusters in staat 
zijn om de electrochemische reductie van CO2 te katalyseren 
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